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ABSTRACT 

This report covers the design and construction of a six frequency 

radio transmitter. Its function is to make possible measurements of 

the upper ionosphere with an artificial earth satellite. 

transmitter develops for radiation the 20th, 40th, 41st, 108th, 360th, 

and 960th harmonics of a stable one megacycle quartz crystal oscillator. 

The 

An overall efficiency of 30% is accomplished by the use of high 

efficiencycapacity diode frequency multipliers and transistor ampljfiers. 

The design also features a unique thermal null filter which eliminates 

crystal temperature changes at the orbit frequency so that great . 

frequency stability is obtained without a crystal oven. 
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A. General  

On September 29, 1958, t he  Nat ional  Bureau of Standards 
sponsored an ionosphere measurements meeting i n  Boulder, Colorado. The 
r ep resen ta t ives  present  agreed t h a t  a sa te l l i t e  s p e c i f i c a l l y  designed 
t o  r a d i a t e  s i g n a l s  s u i t a b l e  f o r  making measurement of t h e  upper iono- 
sphere by Faraday r o t a t i o n  of po la r i za t ion  would be of g r e a t  i n t e r e s t  
and bene f i t .  I n  January 1959, the  Missile Instrumentat ion Development 
Branch of the Army Ba l l i s t i c  Missile Agency r e l eased  ABMA Report No. 
DG-TM-3-59, Proposed Ionosphere S a t e l l i t e ,  by Alan J. F isher .  A s  a 
r e s u l t  of t h i s  r epor t  and other  information exchanged, ABMA w a s  given 
funds by t h e  Nat ional  Aeronautics and Space Agency (NASA) t o  develop 
and launch such a sa te l l i t e .  

This  r e p o r t  dea l s  only wi th  the  development and r e a l i z a t i o n  of 
t h e  r a d i o  frequency t r ansmi t t e r  f o r  t h i s  sa te l l i t e .  This development 
program w a s  begun i n  May 1959 
it w a s  e s s e n t i a l l y  completed i n  October 1960 wi th  t h e  cons t ruc t ion  of 
t h r e e  pro to types ,  t h e  f l i g h t ,  and spare  f l i g h t  models. I n  this  per iod ,  
t h e  p r o j e c t  was c a r r i e d  on by Alan J.  F i she r  w i th  t h e  a s s i s t a n c e  of 
Mr. W i l l i a m  Bennett ,  e l ec t ron ic s  development technician.  
p r o j e c t ,  t h e  Development Operations Divis ion of ABMA ( including person- 
n e l  working on t h i s  p ro jec t  ) was t r ans fe r r ed  t o  NASA. A l l  of t h e  
des ign  and cons t ruc t ion  of t h i s  t r ansmi t t e r  w a s  done i n  t h e  Instrumenta- 
t i o n  Development Branch of Guidance and Control  Divis ion,  now of 
Marshall  Space F l i g h t  Center ,  NASA. 

and a f t e r  a few in t e r rup t ions  and de lays ,  

During t h e  

B. Need 

The ionosphere i s  t h e  e l e c t r i f i e d  region t h a t  exists i n  t h e  
upper atmosphere above approximately 50 km. It a f f e c t s  r a d i o  c m u n i -  
c a t i o n  i n  many d i f f e r e n t  ways. A t  low frequencies  it acts l i k e  a 
r e f l e c t o r ,  a t  medium frequencies  it p a r t i a l l y  r e f l e c t s  and p a r t i a l l y  
absorbs r a d i o  energy. 
through w i t h  no e f f e c t  o ther  than a tw i s t ing  or  r o t a t i o n  of t h e  r a d i o  
f i e l d .  The ionosphere appears t o  cons i s t  of several l aye r s  which have 
d i f f e r e n t  r a d i o  c h a r a c t e r i s t i c s  t h a t  change from day t o  n igh t  and a l s o  
change wi th  sun spo t  a c t i v i t y .  The mul t ip l e  layer  s t r u c t u r e  i s  some- 
t i m e s  approximated by a s i n g l e  layer  whose in t ense  c ross  s e c t i o n  wi th  
a l t i t u d e  i s  parabol ic  so  t h a t  t h e  uncer ta in  upper ha l f  of t h e  l aye r  i s '  
an ex t r apo la t ion  of t h e  lower h a l f .  
cons ider ing  t h e  tw i s t ing  o r  Faraday r o t a t i o n  of r ad io  s i g n a l s  passing 
through t h e  ionosphere. 

A t  s t i l l  higher f requencies  energy may pass 

This parabol ic  model i s  u s e f u l  i n  
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Studies  of t h e  Faraday r o t a t i o n  of lunar  r a d i o  echoes i n d i c a t e  
t h a t  t he  t o t a l  e l ec t ron  content  a t  n igh t  i s  more than twice t h a t  of a 
simple parabol ic  layer .  This suggests  t h a t  during t h e  n i g h t  t h e r e  are 
more than th ree  times as many e l ec t rons  above t h e  a l t i t u d e  of maximum 
i n t e n s i t y  as below. Ionosphere s t r u c t u r e  below the  maximum i s  a v a i l -  
a b l e  from extensive ve r t i ca l - inc idence  r a d i o  soundings made during the  
In t e rna t iona l  Geophysical Year. Above t h e  maximum, d e t a i l s  of t he  
ionosphere s t r u c t u r e  are obscured f o r  soundings from below, and are no t  
provided from lunar  echoes s i n c e  they r evea l  only t h e  in t eg ra t ed  ion  
content  over t h e  earth-moon path.  Therefore ,  t h e  s t r u c t u r e  of t he  
g r e a t e r  por t ion  of t h e  ionosphere above t h e  maximum i s  n o t  known. By 
p lac ing  sources of r a d i o  energy a t  appropr ia te  f requencies  and a t  
var ious  pos i t ions  i n  the  ionosphere,  much added information about t he  
s t r u c t u r e  w i l l  be obtained from ground r a d i o  rece iv ing  s i tes .  This  i s  
t o  be accomplished by placing t h e  sub jec t  r a d i o  t r ansmi t t e r  i n  an 
a r t i f i c i a l  e a r t h  s a t e l l i t e  ranging i n  a l t i t u d e  from 200 t o  1400 m i l e s  
so  t h a t  t h i s  mu l t ip l e  s i g n a l  source w i l l  be c a r r i e d  throughout t he  
upper ionosphere. F i e l d  s t r e n g t h  recordings from t h e  EXPLORERS and 
SPUTNIKS have shown the  f e a s i b i l i t y  of such an experiment, bu t  t h e  
s i g n a l s  and o r b i t s  of these  s a t e l l i t e s  were not  p a r t i c u l a r l y  s u i t e d  t o  
t h i s  purpose. Therefore ,  a s a t e l l i t e  t r ansmi t t e r  s p e c i f i c a l l y  
designed t o  probe t h e  ionosphere has been developed and t h a t  e f f o r t  i s  
repor ted  here.  

C .  Target Charac t e r i s t i c s  

A t  the  ou t se t  of t h e  development program t h e  t a r g e t  cha rac t e r -  
i s t i c s  f o r  t h e  beacon w e r e :  

1. outputs  

S i x  r ad io  frequency outputs  a l l  harmonically der ived from 
a s i n g l e  1.00025 mc o s c i l l a t o r  so  t h a t  t h e i r  phase r e l a t i o n s  are 
coherent . 

(a) 20th harmonic output of 300 mw 

(b) 40th harmonic output  of 100 mw 

( c )  41s t  harmonic output  of 100 mw 

(d) 108th harmonic output  of 20 mw and phase modulated 
wi th  telemetry 

n 

(e) 360th harmonic output  of 100 mw 

( f )  960th harmonic output  of 10 r m ~  



2. Frequency Stability 

The frequency stability of the basic oscillator and hence 
of all output frequencies needs to be at least one part in ten to the 
seventh power during any half hour period (approximate time the 
satellite will be in radio view of a given receiving site). 

3 .  Power Consumption 

The transmitter will have available to it between 2 and 
2% watts with which to generate the outputs, i.e. an overall efficiency 
of about 30%. 

4 .  Environment 

The transmitter must operate in the vacuum and temperature 
extremes of space and endure the vibrations and shocks of launching and 
injection into orbit. 
this report will specifically indicate these requirements. 

The environmental tests reported in part IV of 

11. DESIGN 

A.  Thermal Design 

In order to provide a frequency stability of one part in ten 
to the seventh power per half hour period, the basic oscillator employs 
a quartz crystal with minimum frequency change with temperature. 
rate of frequency change is critical rather than maintaining absolute 
frequency. Therefore the frequency may change, providing it does so 
very slowly. 
efficiency, it is impossible to use any of the power available to 
power a crystal oven t o  maintain constant crystal temperature. Thus, 
the approach taken was one of building a passive thermal filter around 
the oscillator which would allow only very slow temperature changes to 
occur at the crystal. 
with material of high heat capacity inside a jacket of insulating 
material with high thermal Xesistance. 
of these materials will prevent rapid temperature changes of the 
crystal because they act as an integrating filter. 
this approach is that electrical conductors usually must bridge the 
insulation to external circuits and thus thermally short-circuit the 
insulation to some extent. A design has been made which takes advan- 
tage of the heat conducted by these electrical conductors to provide an 
attenuation to periodic temperature changes much greater than possible, 
even with no conductors. 

Time 

With the requirement of about 30% overall electrical 

For example, the crystal may be placed along 

The thermal "RR" time constant 

One difficulty with 
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When a thermal low pass f i l t e r  i s  made w i t h  lumped hea t  capac i ty  
and in su la t ion ,  the maximum phase s h i f t  t o  pe r iod ic  temperature changes 
w i l l  be l e s s  than 90' as wi th  a simple series R ,  shunt C y  s i n g l e  s e c t i m  
e lec t r ica l  f i l t e r .  However, i f  t he  c r y s t a l  i s  surrounded wi th  a sphere 
of homogeneous material  t h a t  possesses low thermal d i f f u s i v i t y ,  a much 
g r e a t e r  phase s h i f t  t o  per iodic  temperature changes may occur. Such an 
arrangement and i t s  e l e c t r i c a l  analog are shown i n  F igure  1. Each of 
t h e  cascaded series R ,  shunt C y  f i l t e r  s ec t ions  represents  d i f f u s i o n  of 
hea t  through an incremental  r a d i a l  d i s t ance  i n  t h e  sphere.  For a given 
sphere there  w i l l  be a frequency a t  which t h e  hea t  flow i n t o  and out  of 
t h e  c r y s t a l  i s  lagging t h e  ou t s ide  hea t  flow by one-half cyc le .  Under 
these  condi t ions ,  i f  a second heat  pa th  i s  added which has the  same 
a t t enua t ion  as the  sphere but no de lay ,  cance l l a t ion  of hea t  flow w i l l  
occur a t  the c r y s t a l  t o  a l low the  c r y s t a l  t o  remain a t  a cons tan t  
temperature. This added hea t  pa th  may be a f i lament  of material wi th  
a hea t  d i f fus ion  rate t h a t  i s  very high compared t o  t h e  material of t h e  
sphere.  A m e t a l  wire(or  w i r e s )  i s  appropr ia te  as it can a l s o  se rve  
t o  make e lectr ical  connections t o  t h e  sphere ' s  i n t e r i o r .  
v i s u a l i z e  a sphere of mater ia l  wi th  low thermal d i f f u s i v i t y  which has 
a me ta l l i c  ou ter  s h e l l  t o  a s su re  an isotherm on the  ou t s ide ,  a 
smaller metal  sphere a t  t h e  center  (which conta ins  the  c r y s t a l )  and a 
m e t a l  wire connecting t h e  two metal  spheres (see Figure  1). 
both hea t  paths  a r e  properly proport ioned,  as t h e  i n t e r - s h e l l  i s  
rece iv ing  hea t  t h a t  s t a r t e d  propagating through the  low d i f f u s i v i t y  
material  a ha l f  c y c l e  e a r l i e r ,  it i s  having exac t ly  the  s a m e  amount of 
hea t  removed through the  m e t a l  w i r e  by the  cool ha l f  cyc le  now occurr ing 
a t  t h e  outer s h e l l .  Thus, t he re  i s  no n e t  hea t  flow t o  t h e  c r y s t a l  and 
it remains a t  a constant  temperature providing t h e  ou t s ide  temperature 
i s  varying a t  a s i n g l e  frequency. S a t e l l i t e  temperature v a r i a t i o n s  are 
not  s t r i c t l y  of t h i s  type ,  bu t  never the less  an ana lys i s  of s a t e l l i t e  
t e m p e r a t u r e  v a r i a t i o n s  w i l l  show t h e  frequency spectrum t o  have an 
outstanding component a t  t he  o r b i t  frequency. 
of t he  t y p e  descr ibed can e l imina te  t h i s  s t ronges t  component of t h e  
spectrum and the re fo re ,  so lve  the  major p a r t  of t h e  problem. Lower 
frequency components a r e  not  too  se r ious  s i n c e  they have a slower t i m e  
r a t e  of change and higher frequency components may be e a s i l y  f i l t e r e d  
out  w i th  more s i m p l e  i n su la t ion  techniques.  

Thus, w e  may 

I f  

A c r y s t a l  thermal capsule  

The design objec t ive  w a s  t o  provide t h e  thermal n u l l  a t  a f r e -  
quency of 0.50 cycles  per hour (120 min. o r b i t ) .  One need no t  consider  
much f a r t h e r  t o  r e a l i z e  t h a t  t he  eva lua t ion  of such a device would be 
most time consuming s ince  a few cyc les  a t  each t e s t  frequency would 
have t o  precede the  da t a  c o l l e c t i o n  t o  e l imina te  a l l  s t a r t i n g  
t r a n s i e n t s .  For t h i s  reason a g r e a t  d e a l  of s tudy of e f f e c t s  w a s  
f i r s t  done wi th  an e l e c t r i c a l  analog model. Frequency responses ,  
phase s h i f t s ,  and proport ions of conductances and capacities w e r e  
s tud ied  with t h i s  model so  t h a t  experience i n  a d j u s t i n g  f o r  a pe r fec t  
n u l l  and i n t e r p r e t i n g  ind ica t ions  could be gained r a p i d l y .  Next a 

. 

1 

Y 
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thermal model was b u i l t .  A search  f o r  low d i f f u s i v i t y  (low thermal 
conductance and high s p e c i f i c  heat) materials narrowed down t o  two 
p l a s t i c s :  regenerated c e l l u l o s e  and Kel-F. Although t h e  c e l l u l o s e  
would have weighed less and been smaller, Kel-F w a s  chosen because it 
is  r e l a t i v e l y  easier t o  f a b r i c a t e  and does not conta in  matter t h a t  w i l l  
out-gas i n  t h e  vacuum of space.  Because of t h e  shape of t h e  c r y s t a l  
holder and f o r  ease of f a b r i c a t i o n ,  t he  Kel-F w a s  machined wi th  
c y l i n d r i c a l  ins tead  of s p h e r i c a l  geometry. The outer  su r f ace  of t h e  
Kel-F cyl inder  was p l a t ed  wi th  10 t o  15 thousandths of an inch  of 
copper t o  e s t a b l i s h  an isotherm. The m e t a l  c r y s t a l  holder  served as 
t h e  inter isotherm.  This cons t ruc t ion  i s  shown i n  F igure  2 and i n  
F igure  3 .  The c e n t r a l  cav i ty  contains  t h e  c r y s t a l  and t r a n s i s t o r  
o s c i l l a t o r  c i r c u i t .  These are pot ted  i n  s i l i c o n  rubber s o  t h a t  when 
t h e  Kel-F plug of Figure 3 is screwed down, t h e  rubber i s  forced i n t o  
in t imate  thermal contac t  w i th  t h e  Kel-F and c r y s t a l  f o r  a reproducib le  
hea t  d i f f u s i o n  pa th  i n  a vacuum environment. 
s i g n a l  and power conductors t o  t h e  o s c i l l a t o r  d i d  no t  conduct s u f f i -  
c i e n t  heat  t o  obta in  the  n u l l  so  they simply r an  p a r a l l e l  t o  t h e  l a r g e r  
copper wire shown soldered t o  t h e  c r y s t a l  can and outer  p l a t i n g  i n  
F igure  2.  The cy l inder  i s  4.78 inches i n  diameter and i n  l eng th  f o r  a 
n u l l  a t  0.50 cycles  per hour. The copper p l a t i n g  on t h e  Kel-F i s  
buffed t o  a mirror  f i n i s h  and gold p l a t ed  f o r  low thermal emiss iv i ty .  
This cyl inder  i s  then supported by s u i t a b l e  Kel-F p ieces  i n s i d e  a 
l a r g e r  outer  c a n i s t e r  t h a t  has polished gold su r faces  i n s i d e  and out  
(see Figure 4 ) .  This combination forms a thermal b o t t l e  w i t h  space 
suppl ied vacuum. The void between t h e  c a n i s t e r  and Kel-F cy l inder  
conta ins  fourteen p r in t ed  c i r c u i t  boards arranged l i k e  spokes of a 
wheel; these help support  t h e  Kel-F cy l inder .  These boards c a r r y  the 
s o l i d  s t a t e  ampl i f ie rs  and harmonic genera tors  which develop t h e  s i x  
f requencies  (Fig: 5 ). Two r idges  on t h e  s i d e s  of the thermal capsule  
space the  boards from it t o  minimize hea t  conduction. The access holes  
i n  the  canister are f o r  ad jus t ing  the  c i r c u i t s  and they a l s o  al low t h e  
.air t o  escape from the  thermal -bot t le  type s t r u c t u r e .  This  a d d i t i o n a l  
vacuum insu la t ion  suppresses harmonics of t h e  o r b i t  frequency 
temperature changes s o  t h a t  a r a d i o  frequency s t a b i l i t y  of one p a r t  
i n  t e n  t o  the  t e n t h  ( .002OC change) per o r b i t  would r e s u l t  i f  it were 
no t  f o r  c i r c u i t  no ise  and vo l t age  v a r i a t i o n s .  

A s  it  happened, the 

I n  order t o  eva lua te  t h e  design,  extremely small i n t e r n a l  tempera- 
t u r e  changes had t o  be measured. This w a s  done by choosing a quar tz  
c r y s t a l  with a p a r t i c u l a r l y  h igh  r a t e  of motional frequency change wi th  
temperature and by c a l i b r a t i n g  i t s  o s c i l l a t i n g  frequency versus  tempera- 
tcre. 
quency change of 1 p a r t  i n  10 may be measured which correspond t o  
about f i v e  ten-thousandths of a degree cent igrade  change i n  c r y s t a l  
temperature. The remaining problem i n  eva lua t ion  w a s  t h a t  of e s t a b l i s h -  
ing a s ine  wave of temperature wi th  cons tan t  amplitude and frequency on 

By t h e  use  of p rec i s iob  frequency measuring equipment, a f r e -  
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t h e  outs ide  p l a t ing .  
temperature chamber from hot  t o  cold a t  the  des i r ed  frequency and 
pu t t ing  in su la t ion  around t h e  thermal capsule  so  t h a t  t h e  s t e p s  i n  
temperature would be f i l t e r e d  i n t o  nea r ly  a s i n e  wave when they 
a r r ived  a t  the  capsule.  F igure  6 i s  a p l o t  of t h e  frequency response 
of t h e  e l e c t r i c a l  analog model and it  shows t h e  deep n u l l  produced by 
t h e  addi t ion  of the d i r e c t  path.  The c i rc les  are d a t a  co l l ec t ed  from 
t h e  thermal model. The lower curve shows t h e  thermal frequency 
response of the e n t i r e  assembly including the  i n s u l a t i o n  of t h e  vacuum 
gap. 
electrical  analog. 

This w a s  accomplished 6y manually switching a 

A l l  of t h i s  d a t a ,  except f o r  t h e  c i rc les ,  w a s  obtained from t h e  

Figure 7 shows t h e  e lec t r ica l  analog c i r c u i t  and s c a l i n g  f a c t o r s  
used. Included here  are t h e  analog components f o r  the rest of t h e  
payload heat t r a n s f e r  between t h e  payload sk in  and c e n t r a l l y  loca ted  
c r y s t a l  o s c i l l a t o r .  This includes another  vacuum gap between t h e  
instrument column and the  rest  of t h e  s a t e l l i t e  and t h e  hea t  capac i ty  
of t h e  instrument column (not including t h e  thermal capsule  s i n c e  it 
is  represented by i t s e l f  i n  t h e  analog c i r c u i t ) .  F igure  8 shows some 
s t e p  funct ion responses of t h i s  analog c i r c u i t  l abe led  i n  t i m e  sca led  
t o  t h e  heat  t r a n s f e r  case. The e a r l y  hump seen i n  t h e  response of t he  
capsule  analog, Figure 8 a ,  i s  due t o  flow conducted by the d i r e c t  path.  
Figure 8 f  shows t h a t  t h e  o v e r a l l  payload t i m e  constant  t o  t h e  50% 
temperature change poin t  i s  16.4 hours by t h e  analog. A thermal 
balance t e s t  of t h e  a c t u a l  payload ind ica ted  16 hours. This  same test  
ind ica ted  a t i m e  constant  of 3.75 hours from payload sk in  t o  t h e  
c a n i s t e r  compared t o  t h e  4 hours i n  F igure  8d f o r  t h e  analog. From 
these  and other  checks , i t  i s  f e l t  t h a t  t h e  analog is  a very good 
representa t ion  of the  a c t u a l  case. The major exception seems t o  be a 
second order one! t he  f a c t  t h a t  i n  t h e  e lectr ical  analog the t r a n s f e r  
components f o r  t h e  vacuum gaps are l i n e a r  while  i n  the thermal case 
they are not ,  s ince  t h e  hea t  t r a n s f e r  i s  by r a d i a t i o n .  

B. S t r u c t u r a l  Design 

The complete Kel-F thermal capsule  weighs 7 . 1  pounds and i s  
supported by t h e  two Kel-F "C" shaped r i n g s  and four teen  p r in t ed  
c i r c u i t  boards. The r i n g s  f i t  i n t o  s l o t s  i n  the  Kel-F cy l inde r  and t h e  
c i r c u i t  boards f i t  i n t o  s l o t s  i n  t h e  r i n g s .  The diagonal  s t r e n g t h  of 
t h e  c i r c u i t  boards prevents  t h e  two r ings  from diaphragming under t h e  
fo rce  of launch acce le ra t ion  on t h e  mass of t h e  c r y s t a l  capsule .  The 
r ings  rest on ledges i n  t h e  c a n i s t e r  and l i d ,  so t h a t  t h e  r i n g s  and 
c i r c u i t  boards are put  i n t o  compression when t h e  three compression 
s leeves  a re  t ightened on t h e  complete assembly. These p a r t s  may be 
seen i n  Figures 3 and 4 and i n  t h e  assembly drawing of F igu re  The 
l i p  a t  t h e  ou t s ide  bottom of t h e  c a n i s t e r  and p l a i n  edge a t  the top  of 
t h e  l i d  (Figurelo) a l i g n  t h e  beacon w i t h  o the r  s i m i l a r l y  cons t ruc ted  
instrument decks when they are stacked l i k e  d i shes .  

9 .  

Two rods then pass 

i 

. 
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FIG. 8 PAYLOAD STEP FUNCTION TEMPERATURE RESPONSES 
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FIG. 10 COMPLETE BEACON DECK 
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through the d i ame t r i ca l ly  oppos i te  compression sleeves t o  a l i g n  t h e  
wir ing channels i n  a l l  of t h e  decks i n  t h e  payload instrument column. 
A l l  e l e c t r o n i c  p a r t s  i n  the  beacon are  ruggedized by f i l l e t s  of 
Armstrong C - 1  compound wi th  40% f l e x  added. 
e i t h e r  by locking devices or  w i th  cement. 

A l l  screws are secured 

C .  E lec t ronics  Design 

In  order  t o  keep the  power supply requi red  by the  beacon t o  a 
s i n g l e  vol tage ,  i t  w a s  decided t o  use t r a n s i s t o r s  throughout t he  equip- 
ment. 
produce more power than a mul t ip l e  vol tage  supply f o r  a given a v a i l a b l e  
area of s o l a r  c e l l s .  
about 30%, i t  w a s  necessary,  wherever poss ib l e ,  t o  opera te  t r a n s i s t o r  
power ampl i f ie rs  a t  zero b i a s  s o  t h a t  t h e  power usua l ly  l o s t  i n  
s t a b i l i z i n g  b i a s  networks could be saved. 
power of these ampl i f i e r s  dropping of f  when they got  cold because of t h e  
increase  in  t h e i r  emit ter-base contac t  p o t e n t i a l  which acts l i k e  a class 
"C" b ias .  
vo l t age  t o  these  s tages  t o  increase  when cold.  This type of b ias ing  
a l s o  caused a threshold e f f e c t  i n  the  ga in  of t h e  s t ages  s o  t h a t  t he  
d r i v e  had t o  be kept q u i t e  constant  as supply vo l t age  changed. 
Wherever p r a c t i c a l ,  the  input  and output impedances of t he  sec t ions  of 
t h e  beacon were made t o  be 50 ohms. 
eva lua t ion  of each s e c t i o n ,  and a l s o  m a d e  i t  easier t o  employ por t ions  
of t h i s  design i n  o ther  equipments, should t h e  need ar ise .  I n  order  t o  
achieve the requi red  30% o v e r a l l  e f f i c i e n c y ,  t h e  h ighes t  poss ib l e  
e f f i c i e n c y  w a s  sought throughout t h e  design.  This r e s u l t e d  i n  t h e  use  
of s eve ra l  s ta te  of the  a r t  advances i n  t r a n s i s t o r s ,  capac i ty  d iodes ,  
and c i r c u i t  techniques f o r  which no experience and r e l i a b i l i t y  d a t a  
ex i s t ed .  For t h i s  reason ,  considerable  care has been exerc ised  t o  over- 
tes t  these  f ea tu res  t o  a s su re  a reasonable  degree of r e l i a b i l i t y .  The 
scheme of the e l ec t r i ca l  design can be b e s t  understood by a quick 
s i g n a l  tour through the  beacon. 

A s ing le  vol tage  s o l a r  c e l l  and s to rage  b a t t e r y  system can 

With t h e  requirement of an o v e r a l l  e f f i c i e n c y  of 

This r e s u l t e d  i n  t h e  output  

This e f f e c t  w a s  p a r t i a l l y  overcome by causing t h e  d r i v e  

This s impl i f i ed  t e s t i n g  and 

Figure 11 i s  a composite s i g n a l  flow diagram, block 
diagram, and schematic c i r c u i t  diagram. Each sepa ra t e  p r in t ed  
c i r c u i t  boaid is ind ica ted  by a dashed l i n e  square.  The s i g n a l  flow 
i s  from l e f t  t o  r i g h t  s t a r t i n g  a t  the  b a s i c  o s c i l l a t o r .  The 
o s c i l l a t o r  s i g n a l  i s  amplif ied i n  the  1st harmonic ampl i f i e r  and i t s  
output  i s  s p l i t  t h ree  ways. 11) w i l l  be 
followed l a t e r .  The lower output  goes t o  t h e  t e s t  socket  f o r  test  
purposes and terminates  i n  an ex te rna l  50 ohm load.  The middle output  
d r ives  a 20 and 27th harmonic generator .  The 27th harmonic i s  then 
amplif ied in  the  lower p a r t  of t h e  20 and 27th harmonic l imiters  board 
and hence dr ives  t h e  phase modulator and 27th harmonic ampl i f i e r  board. 
I t s  output i s  then mul t ip l i ed  by four  i n  frequency (and phase s h i f t )  i n  
t h e  108th harmonic generator .  This board d e l i v e r s  t h e  108th harmonic 

The upper output  (Figure 
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c1 
c2 
c3 
c4 
c5 
C6 
c7 
C8 
c9 
c10 
c11 
c12 
C13 
C 14 
C15 
C16 
C17 
C18 
c19 
c20 
c21 
c22 
C23 
C 24 
C25 
C26 
C27 
C28 
C 29 
C30 

.001 mf 

.001 mf 
64 mmf 
64 mmf 
.01 mf 
.01 mf 
270 mmf 
.01 mf 
.01 mf 
.01 mf 
.01 mf 
.47 mf 
680 uunf 
.01 mf 
.001 m f  
.001 mf 
.8-4.5 mf 
.8 -4.5d 
250 mmf 
250 mmf 
180 mmf 
.001 mf 
390 mmf 
390 mmf 
.8-4.5 mf 
.01 mf 
120 mmf 
.001 mf 
120 mmf 
180 mmf 

TABLE OF PARTS FOR 
SCHEMATIC WIRING DIAGRAM (Fig. 11) 

C31 
C32 
c33 
c34 
c35 
C36 
c37 

c39 
C40 
C41 
C42 
c43 
c44 
c45 
C46 
c47 
C48 
c49 
C50 
C5 1 
C52 
c53 
c54 
c55 
C56 
c5 7 
C58 
c59 
C60 

c3a 

.8-4.5 mmf 
120 mmf 
180 mmf 
.01 rnf 
.8-12 mf 
.01 mf 
120 mmf 
200 mmf 
200 mmf 
.001 mf 
114 mmf 
.01 m f  
9 mmf 
-8-12 mmf 
.01 mf 
470 mmf 
51 mmf 
18 mmf 
9 mmf 
.01 mf 
18 mmf 
12 mmf 
.8-12 mf 
.8-4.5 mmf 
.8-4.5 mmf 
64 mmf 
.001 mf 
5 mmf 
40 mmf 
40 mmf 

C61 
C62 
C63 
C64 
C65 
C66 
C6 7 
C68 
C69 
C70 
C71 
C72 
c73 
c 74 
c75 
C76 
c77 
C78 
c79 
C80 
C8 1 
C8 2 
C83 
C84 
C85 
C8 6 
C87 

C88 
C89 
c90 
c91 

..8-12 mf 
12 mmf 
80 mmf 
12 mmf 
12 mmf 
12 mmf 
80 mmf 
12 mmf 
1-6.5 mf 
.01 mf 
48 mmf 
180 mmf 
22 mmf 
.01 m f  
.01 mf 
12 mmf 
4 mmf 
2 mmf 
.001 mf 
3 mmf 
2 mmf 
4 mmf 
18 mmf 
3 mf 
.001 mf 
.6-1.8 mmf 
part of 

15 mmf 
,001 mf 
2 mmf 
.01 mf 

PC745-B 
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TABLE OF PARTS 
(Continued) 

D 1  
D 2  
D 3  
D 4  
D 5  
D6 
D 7  
D 8  
D9 
D10 
D 1 1  
012 
D 1 3  
D 1 4  

L1 
L2 
L3 
L4 
L5 
L6 
L7 
L8 
L9 
L10 
L11 
L12 
L13 
L 14 
L15 
L16 
L17 
L18 
L19 

11 v o l t  zener ,I L20 
P.S.I. V l O O  L21 
P.S.I. PC-116-22 I L22 
P.S.I. VlOO L23 
P.S.I. V l O O  L24 
P.S.I. v33 L25 
P.S.I. xc-120 I L26 
P.S.I .  xc-120 L27 
9 v o l t  zener I L28 
15.8 v o l t  zener ' L29 
W.E. L2139 L30 
P .S .Io PC-115-10 L31 
W.E. L2139 L32 
P.S.I. PC-116-22 L33 

I L34 
70 uh L35 
2.7 uh L36 
22 uh I L37 
4.7 uh 
15 uh PC 
14 tu rns ,  4/30 wire, k" Dia. 
17 tu rns ,  #30 w i r e ,  Dia. 
10 uh 41 
11 tu rns ,  130 wire ,  k" D i a .  42 
14 tu rns ,  #30 w i r e ,  D i a .  ' 43 
6 t u rns ,  $130 wire ,  %I1 D i a .  44 
7 t u rns ,  #30 w i r e ,  ktt Dia. 45 
5 tu rns ,  1/30 w i r e ,  k" D i a .  46 
5 tu rns ,  #21 w i r e ,  D i a .  47 
2 tu rns ,  #21 w i r e ,  5/32" D i a . '  48 
6.8 uh Q9 
2 1  t u rns ,  #30 wire ,  k" D i a .  Q l O  
3.3 uh Qll 
3% t u rns ,  #18 wire ,  kl' D i a .  412 

1 

I 

11 tu rns  , 1/30 w i r e  , %" Dia. 
11 t u r n s ,  4/30 w i r e ,  %It Dia. 
9 tu rns  , 4/24 w i r e ,  %'I Dia. 
11 t u r n s ,  #24 w i r e ,  %It Dia. 
3.3 uh 
5 t u r n s ,  #24 wire , %'I D i a .  
3% t u r n s ,  #21 w i r e  , 5/32" Dia. 
4 t u r n s ,  4/20 w i r e  , %'I Dia. 
2 t u r n s ,  f 2 1  w i r e ,  5/32" Dia. 
2% tu rns  (C.T.) , #18 w i r e  , %It 

4% turns  , 4/20 w i r e  , %" D i a .  
2 t u r n s ,  f 1 6  wire , %It Dia. 
6 t u r n s ,  #21 w i r e ,  5/32" Dia. 
8 tu rns ,  f30  w i r e ,  %'I Dia. 
9 tu rns  , #30 w i r e  , %" D i a .  
8 tu rns  , #21 wi re ,  5/32" Dia. 
3 t u r n s ,  1'121 w i r e ,  5/32" Dia. 
10 tu rns  , #30 w i r e ,  % I 1  Dia. 

See p r in t ed  c i r c u i t  board 
drawings 

F a i r c h i l d ,  X1040 
F a i r c h i l d ,  2N699 
W.E. 2N1195 
W.E. 2N537 
W.E. 2N1195 
W.E. 2N1195 
W.E. GF40022 
W.E. 2N537 
W.E. GF40022 
W.E. 2N1195 
W.E. 2N1195 
W.E. GF40022 

a 

1 
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R1 10K 
R2 1.5K 
R3 100 
R4 15K 
R5 10K 
R6 33K 
R7 3.3K 
R8 39K 
R9 33K 
R10 4.7K 
R11 100 
R12 39K 
R13 5.6K 
R14 560 
R15 1K Pot. 
R16 2.2K 
R17 33K 
R18 220 
R19 1K Pot. 
R20 6.8K 
R21 13K 
R22 10 
R23 10 

TABLE OF PARTS 
(Continued) 
R 24 
R25 
R26 
R27 
R28 
R29 
R30 
R3 1 
R3 2 
R33 
R34 
R35 
R36 

RT 1 
RT 2 
RT3 

4 7K 
50K Pot. 
3K 
10 
10K 
18K 
8.2K 
13K 
250 Pot. 
16K 
16K 
20K Pot. 
16K 

Crystal temperature thermistor 5K 
Canister temperature thermistor 5K 
50K ttermistor 

T1 thru T16 See transformer drawings 

TL Transmission Line (part of PC745-B) 

Y1 
Y2 
Y3 
Y4 
Y5 
Y6 
Y 7. 
Y8 

1.000250 mc, 1st mode, plated crystal, HC-6 holder 
20.005 mc, 1st mode, plated crystal, HC-18 holder 
27.00675 mc, 1st mode, plated crystal, HC-18 holder 
20.005 mc, 1st mode, plated crystal, HC-18 holder 
40.01000 mc, 3rd mode, plated crystal, HC-18 holder 
41.01025 mc, 3rd mode, plated crystal, HC-18 holder 
40.01000 mc, 3rd mode, plated crystal, HC-18 holder 
41.01025 mc, 3rd mode, plated crystal, HC-18 holder 
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d i r e c t l y  to  the  
t h e  20 and 27th 
t h e  20 and 27th 
ampl i f ie r  . The 

108th harmonic antenna. The 20th harmonic output  of 
harmonic generator  i s  amplif ied i n  the  upper p a r t  of 
harmonic l i m i t e r s  and hence d r ives  t h e  20th harmonic 
power from t h i s  ampl i f ie r  i s  a l s o  s p l i t  t h r e e  ways. 

The upper output- dr ives  t h e  40 and- 41s t  harmonic generator  which doubles 
the  20th harmonic t o  the  40th and sums t h i s  with the  1st harmonic t o  
d e l i v e r  'the 40 and 41s t  harmonics. 
41s t  harmonic power ampl i f i e r s  which supply t h e i r  combined outputs  t o  
t h e  40 and 41st  harmonic antenna. 
ampl i f i e r  dr ives  the  20th harmonic power ampl i f ie r  which suppl ies  power 
t o  the  20th harmonic antenna. The lower output of t h e  20th harmonic 
ampl i f i e r  dr ives  the  120th harmonic generator  which mul t ip l i e s  frequency 
by s i x  t o  develop t h e  120th harmonic. 
120th harmonic power ampl i f ie r  f o r  d r i v e  t o  the 360th harmonic generator .  
This c i r c u i t  mu l t ip l i e s  by t h r e e  t o  develop the  360th harmonic f o r  t h a t  
antenna and a l s o  mul t ip l i e s  by two t o  develop t h e  240th harmonic. This  
harmonic dr ives  the  960th harmonic generator  which m u l t i p l i e s  by four  t o  
develop the 960th harmonic power f o r  t h a t  antenna. The antennas may be 
seen i n  Figure 1 2 .  
harmonics and the  compound a x i a l  antenna r a d i a t e s  t h e  remainder. Since 
most of these c i r c u i t s  are not  conventional,  some f u r t h e r  d i scuss ion  of 
each follows. Component nomenclature which follows r e f e r s  t o  Figure 11: 
and the  corresponding pa r t s  l i s t  Figure 11. 

These s igna l s  then d r i v e  the  40 and 

The middle output of t h e  20th harmonic 

This s i g n a l  i s  amplif ied i n  t h e  

The s i x  foo t  loop r a d i a t e s  t h e  20, 40,  and 41s t  

1. 1.00025 m c  O s c i l l a t o r  

This c i r c u i t  received a good dea l  of design t i m e  s ince  it 
i s  the  s table  frequency source f o r  a l l  of t h e  beacon's ou tputs .  
contained within the  thermal capsule  a l ready descr ibed i n  p a r t  11, A. 
I n  order  t o  keep the  s i z e  and mass of t h e  capsule  as s m a l l  as poss ib l e ,  
t he  o s c i l l a t o r  w a s  made as s m a l l  as poss ib le .  This s i z e  w a s  determined 
by the  smallest holder i n  which a 1 m c  c r y s t a l  could be obtained,  an 
HC-6/U holder.  This r e s u l t e d  i n  an o s c i l l a t o r  which f i t s  i n t o  a 
1" x 1" r i g h t  c i r c u l a r  cy l inder  cav i ty  i n  t h e  cen te r  of t h e  thermal 
capsule .  
rubber incapsulat ion i n  Figure 13. An AT-cut, fundamental mode, 
p la ted  c r y s t a l ,  w a s  s e l ec t ed  f o r  t h e  lowest poss ib l e  frequency- 
temperature c o e f f i c i e n t ,  shown i n  Figure 14. The phys ica l  cons tan ts  
of quar tz  cause t h i s  curve t o  be symmetrical about t h e  temperature of 
27OC. 
temperature coe f f i c i en t  curve may be moved up or  down. 
cu t  is  se lec ted  which gives  equal  abso lu t e  c o e f f i c i e n t  a t  -3' , +27O , 
and +57OC. 
more than cover temperature changes occurr ing over long t i m e  periods 
as  the  r a t i o  of d i r e c t  sun l igh t  t o  e a r t h  shadow changes. The thermal 
capsule  cannot f i l t e r  out t hese  long t e r m  changes but  i n s t ead  f i l t e r s  
out the  per o r b i t  temperature change of about +5OC a t  t h e  beacon 
c a n i s t e r .  Th a t t enua t ion  of t he  thermal capsule  t o  these  changes is  
about 4 x lo-' (Figure 6)  and t h e  vacuum gap between the  capsule  and 
c a n i s t e r  adds about another 1o-I a t t e n u a t i o n .  Therefore  , t he  

It i s  

The o s c i l l a t o r  i s  shown i n  Figure 3 and without  t he  s i l i c o n e  

By cu t t ing  the  quar tz  a t  s l i g h t l y  d i f f e r e n t  ang le s ,  t he  
An angle  of 

Allowing f o r  thermal design e r r o r s ,  t h i s  6OoC range should 
& 
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tem erature change per orbit at the crystal is about +5OC x 4 x 
lo-! or 2 .002OC. Since t e maximum temperature coefficient of the 
crystal is about .20 x lo-' parts per OC (Figure 14), the frequency 
change per orbit (120 minutes) due to temperature change is about - + .0004 parts in lo6 or 4 parts in lolo. 
stability does not exist because of other factors such as circuit noise 
and voltage variations. 

Unfortunately, this extreme 

An antiresonant crystal is used so that no inductance is 
required in the circuit;' 
possible. 
crystal supplying motional inductance to the circuit and C3 and C4 
providing unity feed-back. 
selected to put each crystal on frequency at 27OC. The combination of 
R1, R2, and R3 determine the amount of negative resistance synthesized 
by the transistor and presented to the crystal. R2 and R3 form a 
voltage divider so that the load is loosely coupled to the oscillator 
to prevent frequency pulling by changes in the oscillator's load. R1, 
R4, and R6 form a conventional bias network for the transistor. R5 is 
primarily to keep the feedback signal phase such that negative re- 
sistance only (no reactance) is synthesized by the transistor. A 
Fairchild X1040 transistor is used in the circuit for its low noise 
and stability of characteristics. The thermistor, RT1, is located 
near the crystal case and is used to telemeter the crystal temperature 
in the event it is desired to know where the crystal is operating on 
the temperature coefficient curve while the beacon is in orbit. 

This allows the oscillator to be as small as 
The circuit is basically a Colpitts type oscillator with the 

C3 and C4 are equal, but individually 

2. 1st Harmonic Amplifier 

This is a two stage amplifier that is pretty much 
conventional in circuitry. It contains an 11 volt diode voltage 
regulator for the 1.00025 mc oscillator (Dl). C5, C7, and C14 help 
prevent higher harmonics present by stray and direct pickup from 
entering the oscillator, 42 and 43. T1 is an untuned ferrite ring 
transformer for matching and to allow the ground in the input circuit 
of 43 to be between emitter and base signal potential. This tends to 
make 43 unilateral so that load changes are not reflected back to 42 
and the oscillator. 
of 43.  

D2 is for temperature compensation of the gain 

3. 20 and 27th Harmonic Generator 

This circuit employs .the capacity diode, D3, in a zero 
bias, hole storage mode of operation to generate a sharp pulse at the 
1st harmonic repetition rate. 44 clips and amplifies this pulse rich 
in high order harmonics. The output of 94 drives the two hybrid 
crystal filters which are made with balanced windings on the ferrite 
rings of T2 and T3. C17 and C18 are adjusted to balance out the static 

c 
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capac i ty  of each c r y s t a l  s o  t h a t  only the  20th 
f i l t e r  and only the  27th harmonic may pass t h e  
f i l t e r s  must reject s igna l s  spaced 1 mc away. 

harmonic may pass t h e  top  
lower f i l t e r .  These 
Theref ore ,  they have 

r e l a t i v e l y  wide pass bands f o r  c r y s t a l s  s o  t h a t  temperature-frequency 
changes i n  t h e  c r y s t a l s  w i l l  no t  e f f e c t  t he  output powers. L6 performs 
t h e  func t ion  of s e t t i n g  the  r e l a t ionsh ip  between 20th and 27th harmonic 
power outputs .  

4. 20 and 27th Harmonic L i m i t e r s  

These s tages  l i m i t  s igna l  changes by s a t u r a t i o n  and bu i ld  
the  20th harmonic power from 0.1 mw t o  8 mw and the  27th harmonic from 
0.1 m t o  1 mw. The input  c i r c u i t s  are s i m i l a r  t o  that of 43 f o r  
u n i l a t e r a l  operat ion and D4, D5, and RT3 compensate the  b i a ses  of Q5 
and Q6 t o  g ive  constant  output as temperature changes. R15 and R19 a r e  
ga in  con t ro l s  t o  set the  d r i v e  f o r  t h e  next s tages .  C25 and C31 
resonate  the  outputs  and T6 and T7 match the  outputs t o  a 50 ohm load. 

5. Phase Modulator and 27th Harmonic Amplifier 

The capaci ty  of t h e  capaci ty  diode D6 and t h e  combined 
series inductance of L9 and T12 form a s e r i e s  resonant c i r c u i t  a t  the  
27th harmonic. A backward b i a s  of 9 v o l t s  plus an 8.c. s i g n a l  of 4 
v o l t s  peak t o  peak a t  730 cps are applied t o  the  d iode .  
swing modulates t h e  diode 's  capacity and the re fo re  the phase s h i f t  i n  
t h e  series resonant c i r c u i t  to phase modulate the  d r i v e  t o  48 by 5 14O. 
This i nc iden ta l ly  causes about 6% amplitude modulation a t  1460 cps t o  
t h e  d r i v e  of 48; but  s ince  48 operates p a r t i a l l y  s a t u r a t e d , i t  reduces 
t h e  i n c i d e n t a l  A.M. t o  less than 6%. The 730 cps i s  suppl ied through 
t h e  package plug "P" from a subcar r ie r  o s c i l l a t o r  i n  another instrumen- 
t a t i o n  deck. It i s  frequency modulated wi th  the  information t o  be 
te lemetered from t h e  s a t e l l i t e .  R25 i s  a gain con t ro l  t o  s e t  the  
swing on D6 t o  4 v o l t s  peak t o  peak. 48 ampl i f ies  t h e  27th,  phase 
modulated, harmonic from 1 mw t o  45 mw with an e f f i c i ency  of 53% and a 
d i s s i p a t i o n  of 41 mw. 
e l e c t r i c a l l y  in su la t ed  heat  s ink .  

The 730 cps 

This heat  i s  conducted t o  the  c a n i s t e r  by an 

6. 108th Harmonic Generator 

This  c i r c u i t  uses  a capacity diode (D14) t o  mult iply the  
s i g n a l  frequency and angle  modulation by four  s o  t h a t  i t s  output i s  20 
mw a t  the  108th harmonic and modulated 4 56' (near ly  one rad ian) .  This 
c i r c u i t  consumes no d.c. power and quadruples frequency wi th  only a 
3.5 db lo s s .  
conta ins  an i d l i n g  c i r c u i t  (C88 andL34) resonant a t  t w i c e  t he  input  
frequency. 
ABMA Report No. DG-TR-1-59, dated 19 January 1959, "Capacity Diode 
Paramet r ic  Performance and C i r c u i t  Design by a F i n i t e  Current  Method", 
by Alan J. Fisher .  

Besides input  and output frequency resonant c i r c u i t s ,  it 

The design of t h i s  type c i r c u i t  i s  descr ibed i n  d e t a i l  i n  

A copy of this r epor t  may be found i n  Appendix I. 
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7 .  20th Harmonic Amplifier 

This  ampl i f ie r  rece ives  8 mw of d r i v e  and d e l i v e r s  t h r e e  
outputs ,  60 m, 30 mw, and 110 mw. 
e f f i c i ency  of 61%. 
emitter and base t o  make the  s t age  u n i l a t e r a l  and t o  a l low electr ical  
and thermal connection of t h e  t r a n s i s t o r ' s  case ( c o l l e c t o r )  t o  t h e  
beacon can i s t e r  f o r  removal of t h e  125 mw of d i s s ipa t ed  power. The 
60 mw output (upper output  i n  F igure  1 1 ) d r i v e s  a load whose impedance 
i s  modulated a t  t h e  1st harmonic rate. To prevent t h i s  from amplitude 
modulating the  other  two outputs ,  t h e  th ree  loads are presented t o  t h e  
t r a n s i s t o r  i n  series by the  use of t he  f e r r i t e  transformers T9, T10 ,  
and T11.  These are dr iven through Y 4 ,  a fundamental mode c r y s t a l  
series resonant a t  t h e  20th harmonic. It allows only cu r ren t  a t  t he  
20th harmonic t o  flow through the  th ree  loads ,  thus e l imina t ing  any 1 m c  
s i d e  bands due t o  t h e  modulated load. The t h r e e  transformers a l s o  
match a l l  three outputs  t o  50 ohms. 

It has a ga in  of 14 db and an 
The output  i s  coupled from midway between t h e  

8. 40 and 41s t  Harmonic Generator 

This c i r c u i t  rece ives  60 mw of power a t  t he  20th harmonic 
and 3.1 mw a t  t h e  1st harmonic. Capacity diode Dlloperates  i n  t h e  hole  
s to rage  mode t o  double t h e  20th and t o  t h e  40th  harmonic. 
harmonic energy i s  p a r t l y  coupled out  of t h e  c i r c u i t  through t h e  hybrid 
f e r r i t e  r ing  transformer T13 and the  c r y s t a l  Y5. 
energy remains i n  t h e  diode and i s  mixed wi th  the  1st harmonic energy 
t o  produce the  sum, or  41s t  harmonic. This harmonic i s  coupled out  
through T13 and c r y s t a l  Y6. C54 and C55 balance t h e  s t a t i c  c a p a c i t i e s  
of each crystal  so  t h a t  only energy a t  t h e  series resonant  frequency of 
each c r y s t a l  may pass.  R32 a d j u s t s  t h e  amount of 1st harmonic vo l t age  
on t h e  diode and the re fo re  may be used t o  se t  the  balance between 40 
and 41s t  energy out of t h e  c i r c u i t .  

This 40th 

P a r t  of t h e  40th  

9. 40 and 41st Harmonic Power Amplifier 

This module c o n s i s t s  of two s e p a r a t e  t r a n s i s t o r  ampl i f i e r s  
opera t ing  a t  d i f f e r e n t  f requencies  i n t o  a common load and load matching 
c i r c u i t .  Crys ta l  f i l t e r s  are used t o  decouple t h e  output  of each s t a g e  
from t h e  other s o  t h a t  t he  RF vo l t age  swing on each t r a n s i s t o r  i s  a 
simple s ine  wave allowing maximum e f f i c i e n c y  as class "C" ampl i f i e r s .  
The inductance across  each c r y s t a l  is ad jus t ed  t o  be an t i r e sonan t  w i th  
t h e  c r y s t a l  capac i ty  and C64 and C65 a t  t h e  frequency of t h e  o the r  
s t age .  Therefore,  a t  t he  terminals  of each c r y s t a l  t h e r e  i s  a 
reac tance  zero a t  the  operat ing frequency of t h a t  s t a g e  and a reac tance  
pole  a t  the frequency of t h e  oppos i te  s t age .  The frequencies  are only 
2.5% a p a r t  s o  t h a t  t h e  resonant matching c i r c u i t  (L22 and C68-69) t r ans -  
forms t h e  s igna l s  e s s e n t i a l l y  a l i k e .  Each t r a n s i s t o r  opera tes  w i th  an  

L 
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e f f i c i e n c y  of about 61%, a gain of 12 db,  and a d i s s i p a t i o n  of 70 mw. 
To remove t h e  d i s s ipa t ed  heat  i n  the vacuum of space,  aluminum brackets  
are clamped t o  t h e  t r a n s i s t o r s  and t o  t h e  beacon c a n i s t e r .  This  
i n c i d e n t a l l y  grounds the  t r a n s i s t o r  c o l l e c t o r s  and causes the  emitters 
and bases (d r ive  terminals)  t o  be above ground by t h e  RF output  
p o t e n t i a l .  This  r equ i r e s  the  use of an  i s o l a t i o n  transformer t o  
d r i v e  each t r a n s i s t o r .  It should be noted t h a t  t h e  outputs  are  taken 
midway between bases and emi t t e r s  t o  cause the  ampl i f i e r s  t o  be 
u n i l a t e r a l .  

10. 20th Harmonic Power Amplifier 

This module follows the same design as the  40 and 41st 
power ampl i f ie r  except no c r y s t a l  f i l t e r  is  required.  The s t age  
e f f i c i e n c y  i s  70%, gain  of 12 db, and t h e  d i s s i p a t i o n  of 220 mw i s  
conducted t o  t h e  beacon can i s t e r .  

11. 120th Harmonic Generator 

This  c i r c u i t  receives 110 mw a t  t h e  20th harmonic and 
capac i ty  diodes mul t ip ly  i t  by s ix  to  develop 28 mw a t  the  120th 
harmonic. This c i r c u i t  has a s i g n a l  power l o s s  of only 5.9 db. Besides 
input  and output  frequency tuned c i r c u i t s ,  it has i d l e r  c i r c u i t s  a t  
t w i c e  (C47 and L12) and th ree  t i m e s  (C48 and L13) the  input  frequency. 
D15 is an 11 v o l t  zener diode f o r  bias  con t ro l  on t h e  two capac i ty  
d iodes ,  D7 and D8.  Two diodes were used i n  p a r a l l e l  simply because no 
s i n g l e  diode w a s  r e a d i l y  a v a i l a b l e  with s u f f i c i e n t  energy s to rage  and 
high enough cu tof f  frequency. The design technique of t h i s  type of 
c i r c u i t  i s  a l s o  descr ibed i n  the  Appendix. 

12. 120th Harmonic Power Amplifier 

This board provides an output  of 320 mw a t  t h e  120th 
harmonic t o  d r i v e  t h e  360th harmonic generator .  
ga in  of 10 db and d i s s i p a t i o n  of 360 mw. 
c a n i s t e r  by an aluminum bracket  which i n c i d e n t a l l y  grounds t h e  c o l l e c t o r  
of t h e  t r a n s i s t o r  and causes the  dr ive  terminals  of the t r a n s i s t o r  t o  
be above ground by t h e  RF output po ten t i a l .  
transformer (T14) i s  necessary t o  couple the  d r i v e  t o  the  t r a n s i s t o r .  
This t ransformer c o n s i s t s  of a number of tu rns  of subminiature coax ia l  
cab le  wound on a f e r r i t e  r i ng .  Only t h e  coaxia l  d r i v e  cu r ren t s  can 
flow unimpeded i n  the coaxia l  cable  s i n c e  they have no coupling i n t o  
the f e r r i t e .  I f  any of t h e  t r a n s i s t o r  output  cu r ren t  tends t o  flow 
through t h e  cab le  and r e t u r n  through ground t o  t h e  c o l l e c t o r ,  i t  is  
impeded o r  choked by the h igh  permeabili ty f e r r i t e  r i ng .  
of t h e  t r a n s i s t o r  is  taken midway between emitter and base t o  cause the 
s t a g e  t o  be  u n i l a t e r a l .  
between emitter and base so  t h a t  c l a s s  "C" opera t ion  r e s u l t s  from the 
e m i t t e r  j unc t ion  con tac t  po ten t i a l .  

The e f f i c i ency  is  47%, 
This  hea t  is conducted t o  the 

Therefore ,  an i s o l a t i o n  

The output  

The t r a n s i s t o r  opera tes  w i th  a d.c. short 
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13. 360th Harmonic Generator 

This c i r c u i t  uses a capac i ty  diode t o  double t o  the  240th 
harmonic and t o  t r i p l e  t o  t h e  360th harmonic. The design of t h i s  type 
of c i r c u i t  is a l s o  descr ibed i n  t h e  Appendix, The doubling l o s s  i n  
t h i s  c i r c u i t  i s  only 2 . 2  db (100 t o  60 mw) and the  t r i p l i n g  loss i s  3.4 
db (220 t o  100 mw) wi th  no d.c .  power consumed. 

14. 960th Harmonic Generator 

This c i r c u i t  uses a capac i ty  diode t o  quadruple frequency 
t o  t h e  960th harmonic and i s  much l i k e  t h e  108th harmonic generator  
w i th  an i d l e r  (C86 and L31) a t  twice t h e  input  frequency. The design 
and theory of t h i s  type of c i r c u i t  i s  a l s o  descr ibed i n  the  Appendix. 
The output  resonant and matching c i r c u i t  i s  composed of a 1 /5  wavelength, 
100-ohm c h a r a c t e r i s t i c  impedance, transmission l i n e .  This l i n e  i s  
p r in t ed  on the  c i r c u i t  board of 1/8 inch Rexol i te  wi th  a ground plane 
f o r  t he  l i n e  pr in ted  on the  opposi te  s i d e .  C87 i s  a l s o  p r in t ed  on t h e  
c i r c u i t  board t o  form a s m a l l  capac i ty  wi th  reproducible  capaci tance and 
s t r a y  inductance. This arrangement makes i t  most inconvenient t o  tune 
t h e  d i s t r i b u t e d  resonant c i r c u i t  a t  t h e  960th harmonic. For t h i s  reason 
R35 w a s  employed t o  a d j u s t  t h e  capac i ty  diode b i a s  and thereby tune t h e  
960th harmonic c i r c u i t  e l e c t r o n i c a l l y .  
b i a s  w i l l  change the  d iode ' s  capac i ty  which e n t e r s  i n t o  the  resonance o f -  
t h e  d i s t r i b u t e d  960th harmonic c i r c u i t .  

That i s ,  changing t h e  d iode ' s  

15. Bias Regulation 

These zener diodes supply a f ixed  b i a s  t o  several of t h e  
capac i ty  diodes i n  the  beacon as may be seen i n  t h e  wir ing diagram of 
F igure  11. 

D. Spec ia l  D i f f i c u l t i e s  

1. The m e t a l  p l a t i n g  on the  thermal capsule  cannot have a 
low inductance connection between i t  and t h e  c a n i s t e r  because t h i s  
would thermally s h o r t  c i r c u i t  t h e  vacuum gap. 
c i r c u i t  boards are i n  c lose  proximity wi th  t h i s  p l a t i n g  on the  capsule .  
Because of t h i s ,  t he  p l a t i n g  provided unwanted mutual coupling between 
several of t he  c i r c u i t  boards,  p a r t i c u l a r l y  between t h e  h ighes t  
frequency and highest  power boards and the 1 m c  o s c i l l a t o r  loca ted  
wi th in  t h e  capsule.  This caused numerous d i f f i c u l t i e s  t h a t  were very 
hard t o  isolate  one from another .  For example, a t  one poin t  it w a s  
i nd ica t ed  t h a t  t he  40 and 41s t  harmonics were g e t t i n g  onto t h e  leads 
between the o s c i l l a t o r  and 1st ampl i f i e r  and bea t ing  toge ther  e i t h e r  
i n  Q 1  o r  42 t o  form a d i f f e rence  frequency of 1.00025 m c  capable  of 
d r iv ing  Qlwi thou t  bene f i t  of t h e  o s c i l l a t o r .  Also,  t h e r e  w a s  evidence 

The rear of a l l  of t h e  
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that a feed back loop at the 20th harmonic exi’sted which involved the: 
thermal capsule plating, and a similar loop seemed to exist at the 27th 
harmonic. 
into active self oscillation, but rather would cause phase jitter at 
particular supply voltages and temperatures as phase shifts changed. 
Problems of this general description were solved by some changes in 
component layout to keep high impedance points away from the rear of 
the printed circuit boards, particularly in the 20 and 27th harmonic 
generator and limiters. Aluminum brackets similar to the transistor 
heat sinks were added to the 1st amplifier, 20th, 27th, 108th, 120th, 
360th, and 960th harmonic generators to give them a low inductance 
ground to the canister, and the wires between the oscillator and the 
1st harmonic amplifier were shielded. 
pass any high order harmonics at the termination of these wires. 

None of these signal loops usually had enough gain to break 

Also C5 and C7 were added to by- 

2. Phase jitter occurredwhen the 20th harmonic amplifier was 
driving the 120th harmonic generatoq and also when the 27th harmonic 
amplifier was driving the 108th harmonic generator. The first problem 
was solved by adding R22, R23, and C34 to the circuit and by putting 
the three outputs of the 20th harmonic amplifier in series instead of 
in parallel, as originally designed. The second problem was solved by 
operating the inpijt t_n qE! 11czr grnli~lrl pe+-e~l+-ipl  h;7 zsirrg =rr e l e c t r i c z l l g  
insulated heat sink instead of trying to ground the collector. In both 
cases it is felt that the cure caused better unilateralization of the 
amplifiers so that the possibility of approaching self-oscillating 
conditions, with the extreme range of load impedances possible in an 
harmonic generator, was reduced. 

3. Under certain tuning conditions, phase instability occurs 
in the 40 and 41st harmonic section of the beacon. This effect has 
been minimized by diode selection but no way has been found to complete- 
ly eliminate this under all conditions of tuning. However, after each 
beacon is tuned, it is subjected to the full range of supply voltages 
and temperatures simultaneously to assure that instability will not 
occur. Also during other environmental tests this output is closely 
watched to see that no such difficulty occurs. 

4. During testing of the environmental model of the beacon, 
it was discovered that the 20th harmonic was being unintentionally 
phase modulated by telemetry at about .02 radian. Because of the 
frequency multiplication, this caused the 40 and 41st harmonics to be 
.04 radian, 360th to be .36 radian, and 960th to be .96 radian. 
This effect was traced to less than perfect unilateralization of the 
27th limiter so that the reactance modulation occurrirg in its output 
load is slightly coupled backwards into the 20 and 27th harmonic 
generator, the common origin of both signals. No cure, short of a 
redesign of the whole 27th and 108th harmonic section, could be found. 
The only disadvantage of this effect is that the 960th carrier power is 
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reduced by about 2 db because of t h e  l o s s  of energy t o  t h e  s i d e  bands. 
The e f f e c t  may be an advantage i n  t h a t  it provides redundancy f o r  
te lemeter ing i n  the event t h e  108th harmonic f a i l e d  and a l s o  it may 
s impl i fy  s igna l  i d e n t i f i c a t i o n .  Therefore ,  no redes ign  w a s  made. 

111. GENERAL OPERATING PROCEDURE 

Before opera t ing  the  equipment, t h e  following checks should be 
made: 

1. A l l  f i v e  R.F. outputs  of t h e  beacon should be connected 
by a 50 ohm sh ie lded  l i n e  t o  a dummy load o r  antenna whose impedance i s  
approximately 50 ohms r e s i s t a n c e  a t  t h e  r e spec t ive  output  f requencies .  
These output te rmina ls  are arranged by descending frequency from t h e  
top ( l i d  end) of t h e  beacon c a n i s t e r  t o  t h e  bottom. Thus t h e  top  
coaxia l  connector i s  960th harmonic output ,  t h e  next  i s  t h e  360th,  t h e  
middle is  108th, t he  next  t o  bottom i s  40 and 41s t ,  and the  bottom i s  
20th harmonic output  (see F i g u r e l b .  

2. The 1 m c  t e s t  s i g n a l  l i n e ,  p ins  "k" and "a" of t h e  beacon 
t e s t  socket a t  t h e  bottom of the wir ing channel ,  should be connected 
by a 50 ohm sh ie lded  l i n e  t o  a 50 ohm load ( sh i e ld  t o  p in  'la"). 

3 .  The cables  which connect t o  p in  "j" of t h e  tes t  socket  and 
pins  "d" and "e" of t h e  package plug should n o t  have any d.c. conduct- 
ance between any of them and common ground i n  t h e  payload, before  they 
are connected t o  t h e  beacon package. P in  le t ters  appear on t h e  
i n s u l a t o r  body of both t h e  package plug and tes t  socket .  

4. 
connected t o  p ins  "c", "d" , e , "f", and "h", e i t h e r  by shor t ing  leads  
or  through ammeters. 

The beacon package tes t  socket  should have p in  "b" 

A f t e r  these  checks have been made, a supply vo l t age  ranging 
from 14.4 v o l t s  t o  18 v o l t s  may be appl ied  t o  the beacon package plug 
by connecting the  p o s i t i v e  l i n e  t o  p ins  "b" and "c" and t h e  nega t ive  
l i n e  t o  pin "a". This i s  t h e  only power source requi red  f o r  opera t ing  
t h e  beacon. 
keying a l 1 R . F .  outputs  of t he  beacon inc luding  the  1 m c  test s i g n a l .  
When t h e  supply vo l t age  i s  connected t o  t h e  beacon i t  should be 
opera t ing  with the following nominal c h a r a c t e r i s t i c s  a t  15.6 v o l t s  and 

The power t o  p in  "c" may be keyed f o r  the purpose of 

I room temperature. 

20th harmonic output  power ------------- 400 mw 

108th harmonic output  power------------- 20 mw, angle  modulated 
40 and 41s t  harmonic output  power------- 200 IlIw 

one r ad ian  

(r 

5 

. 
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360th harmonic output power------------- 100 mw -0.3 db/cable 
foo t  

960th harmonic output power------------- 10 mw -1.0 db/cable 
foo t  

T o t a l  continuous c u r r e n t  , plug p in  "b"--140 ma  
Keyed cu r ren t  , plug p in  "c"------------- 4 ma  
Modulation s i g n a l ,  plug pin "d" t o  "e"-- 
20 harmonic P . A .  c u r r e n t ,  socke t  pin "c" 38 ma 
40 and 41s t  harmonic P . A .  c u r r e n t ,  

22 ma  
27th harmonic ampl i f i e r  cu r ren t ,  socket 

120th harmonic P . A .  cur ren t ,  socket 

20th harmonic ampl i f i e r  cu r ren t ,  socket 

Modulator test s i g n a l ,  socket p in  "j"--- 

1 m c  test  s i g n a l ,  socket pin "k"-------- 

9 v o l t s  peak t o  peak 

socket p in  "d"---- - - -- -- -- - - - - - -- - - - - - 
5.5 ma p in  "e"- -- - - - - - - - - - - - - - - - - - - - - - - - - - - - 

p in  11 f ................................ 43 ma  

2 1  ma  p in  "h"- - - - - - - - - - - - - - - - - - - - - - - - - - - - - - 
4 v o l t s  peak t o  peak 
and 9 v o l t s  d . ~ .  
2 v o l t s  peak t o  peak 
across  50 ohms 

I f  any of t h e  above ind ica t ions  a r e  i n  e r r o r  by more than lo%, 
t h e  d a t a  booklet f o r  t h e  p a r t i c u l a r  u n i t  under test  should be r e f e r r e d  
t o  s i n c e  it provides c h a r a c t e r i s t i c s  a t  var ious  temperatures and supply 
vo l t ages  f o r  each u n i t .  The serial  number of each set i s  ind ica t ed  by 
RMA co lo r  code i n  t h e  wir ing  channel (Figurelo).  
e r r o r  e x i s t s  between t h i s  d a t a  and a c t u a l  opera t ion ,  personnel from 
M-G&C-IR should be n o t i f i e d .  

I f  more than a 10% 

I V .  TESTING AND RESULTS 

A. Outputs vs Temperature and Voltage 

The f i v e  r a d i o  frequency outputs were monitored while  t h e  
beacon was opera t ing  i n  a t e m p e r a t u r e  chamber. 
v o l t a g e  were va r i ed  t o  ob ta in  t h e  r e s u l t s .  
s e l e c t e d  on t h e  b a s i s  of t h e  d iscuss ion  i n  p a r t  11, C ,  l ., of t h i s  
r e p o r t  and t h e  f a c t  t h a t  thermo balance test of t h e  sa te l l i t e  ind ica t ed  
t h a t  l e s s  than  t h i s  temperature range could be maintained. 
vo l t age  range w a s  determined a t  the lower l i m i t  by degradat ion of 
beacon output powers and a t  t h e  upper l i m i t  by avoiding any danger of 
t r a n s i s t o r  vo l t age  breakdown. 
be allowed f o r  t h e  sa te l l i t e  storage b a t t e r y  and s o l a r  c e l l  system t o  
ope ra t e  e f f i c i e n t l y .  Thus t h e  vol tage  range was set at 14.4 t o  18 
v o l t s  and t h e  temperature range at -3 t o  +57OC. Typical  r e s u l t s  of 
t h i s  test are shown i n  F igure  15. The most l i k e l y  beacon temperature 
i n  o r b i t  is about 2OoC with  an occasional rise up to40'C f o r  a few 
days. S ince  only t h e  sum of the 40 and 41st harmonic energy 

Temperature and supply 
The t enpe ra tu re  range was 

The supply 

Also a p r a c t i c a l  vo l t age  range had t o  
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is measured, an indication of their relative powers is of interest. 
This may be obtained by displaying the signal on an oscilloscope or by 
detecting it so that the ratio of minimum to maximum signal envelope 
voltage across a 50 ohm load may be determined. With this information 
and with the value of total signal power as measured by an rms power 
meter, the individual 40 and 41st powers may be determined. 
nomograph of Figure 16 has been constructed to simplify this calcula- 
tion. The difference between the 40 and 41st harmonic output powers 
was generally less than 2 db over the temperature and voltage range. 
The exact data is presented in data booklets for each transmitter. 
These booklets are available from M-G&C-IR, Redstone Arsenal, 
Huntsville, Alabama. 

The 

B. Frequency Stability 

The frequency stability is determined by crystal temperature, 
supply voltage, and circuit noise, in that order of importance. The 
crystal temperature and supply voltage are telemetered from the 
satellite. Therefore, their effects can be corrected , if 
required. The first basic test of stability was made with temperature 
and supply voltage held as constant as possible to determine the limit 
of stability possible. 
Company Atomichron with a stability of at least 1.5 parts in lolo was 
used as a frequency standard in the test. This test indicated the 
limiting stability of the beacon frequencies to be 1.3 parts in lo9 for 
time periods of 30 minutes or longer. Next the supply voltage was 
varied to determine its effect on frequency. Using a beacon supply 
voltage of 15.6 volts as reference, the frequencies increased by 9.4 
parts in lo8 at 18 volts and decreased by 5.0 parts in lo8 at 14.4 
volts. 
beacon's outputs affecting the oscillator because with these outputs 
turned off, the corresponding frequency changes are only 2.5 and 3.1 
parts in 108. 
estimated by the use of the telemetered temperatures along with Figures 
6, 8 and 14. 
may become nearly one part in lo7 under the relatively rare conditions 
which may occur just before and just after the satellite experiences 
100% sunlight for a few days. 

This was done at room temperature and a National 

These changes are caused partly by some of the energy from the 

The frequency changes caused by temperature may be 

In general, this will be less than one part in 108 but 

C.  Modulation Index 

During test "A" , -the modulation index of the 108th 
harmonic output was monitored and the result was plotted in the lower 
part of Figure 15. The effect of supply voltage changes is too small 
to be shown. For this test, a 730 cps, 9 volt,peak to peak signal was 
applied between pins "d" and "e" of the package plug and R25 was 
adjusted to provide 4 volts peak to peak at pin "j" of the beacon test 
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socket .  
and then t h e  modulation s i g n a l  source w a s  increased t o  l O K c  and 
ad jus ted  f o r  4 v o l t s  aga in  a t  p in  "jl'. 
read t o  be t h e  same t o  check l i n e a r i t y .  The test  w a s  then run  wi th  
t h e  lOKc s i g n a l  t o  obta in  a more accurate  reading of small changes i n  
the index. 

The modulation index w a s  noted on a frequency dev ia t ion  meter 

The modulation index was  aga in  

D. Vacuum Soak Test 

The beacon w a s  operated for  f i v e  days i n  a vacuum chamber a t  
During t h i s  t i m e  t h e  tempera- pressures  below 5 x 10-hun of mercury. 

t u r e  w a s  changed about every 1 2  hours a l t e r n a t e l y  from 15 t o  5OOC. 
Temperatures below 1 5 O C  could not  be obtained a t  t h e  beacon without 
cool ing  t h e  sk in  of t h e  payload excessively.  Resul t s  of t h i s  t e s t  
showed t h a t  a l l  outputs  degradated by 1 t o  1.5 db below the  va lues  
obtained i n  the  test of p a r t  "A". This  degradat ion occurred 
gradual ly  as t h e  tes t  proceeded. This e f f e c t  is  probably caused by out-  
gasing and f u r t h e r  cu r ing  of t h e  ruggedizing compound on the c i r c u i t  
boards s i n c e  a l l  outputs  could be returned t o  normal a f t e r  t h e  test by 
s l i g h t  re tuning  of the beacon. 

E.  Spin T e s t  

P 

8 

The beacon was operated through s l i p  r i n g s  on a cen t r i fuge  
wi th  t h e  s p i n  a x i s  coaxia l  wi th  the c y l i n d r i c a l  shape of t h e  c a n i s t e r .  
A s p i n  rate of 420 rpmwas obtained and the output powers and 1st 
harmonic frequency were measured. No change due t o  sp in  could be 
found . 

F.  Vibra t ion  Test 

The beacon was operated on a v i b r a t i o n  machine and subjected 
t o  random no i se  v i b r a t i o n  (20 t o  2000 cps) f o r  two minutes a t  20 g r m s  
i n  t h e  d i r e c t i o n  of rocke t  t h r u s t .  Then i t  was s i m i l a r l y  v ib ra t ed  f o r  
2 minutes each a t  13 grms i n  the  two a x i s  mutually perpendicular t o  t h e  
d i r e c t i o n  of rocke t  t h r u s t .  The only e f f e c t  of v ib ra t ion  found w a s  
some no i se  modulation i n  t h e  outputs.  However, t h e  108th harmonic 
output  w a s  received by a t y p i c a l  ground s t a t i o n  r ece ive r  during t h i s  
tes t  and te lemetry was  recorded with no d i f f i c u l t y .  Af te r  t h e  t e s t  
t h e  beacon operated j u s t  as it d i d  before .  I n  a previous test  w i t h  
blank c i r c u i t  boards,  an accelerometer w a s  mounted on some of t h e  
boards and i t  w a s  determined t h a t  
1 . 2  e x i s t e d  on these boards. 

a mechanical ampl i f ica t ion  of only 

G. Shock T e s t  

The beacon while  inoperat ive was subjec ted  t o  t h i r t y  25 g 
impulses which a t t a i n e d  t h e  g level i n  approximately 90 mi l l i seconds .  
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The acce le ra t ion  w a s  i n  t h e  d i r e c t i o n  of rocket  t h r u s t .  The beacon 
operated exact ly  the  same a f t e r  t h e  test  as i t  had before .  

H. Miscellaneous 

1, Weight 

a. Complete Beacon Deck: 11.4 pounds 

b. Thermal Capsule: 7 . 1  pounds 

2. S i ze  

The ove ra l l  s i z e  of t h e  beacon deck is  5.606" i n  height  by 
7.500" i n  diameter. 

V.  PROJECT BY-PRODUCTS 

A .  Extrapolated Harmonic Generator Performance 

By organizing the  performance of t h e  numerous capac i ty  diode 
harmonic generators designed f o r  t h i s  equipment, it should be poss ib l e  
t o  ex t r apo la t e  and p red ic t  t he  more genera l  c a p a b i l i t i e s  of t h i s  type 
of c i r c u i t .  Such da ta  should be very use fu l  f o r  t he  design of f u t u r e  
systems. This was done by using the t h e o r e t i c a l  l o s s  vs  the  normalized 
frequency curve f o r  doublers as developed i n  the  r e p o r t  of t h e  Appendix 
and shown in  Figure l3of  t h a t  r epor t .  The c h a r a c t e r i s t i c s  of t h e  
frequency doubling i n  the  360th hsrmonic generator  and those  of another  
laboratory developed doubler were p l o t t e d  on t h i s  g raph  Since t h e  
curve represented diode losses  only ,  i t  needed t o  be d isp laced  downward 
by kdb t o  agree with the  two experimental  po in ts  p lo t t ed .  
ind ica ted  a loss  of kdb i n  the  tuned c i r c u i t s  i n  add i t ion  t o  t h e  diode 
loss.  Points  were p lo t t ed  f o r  t he  o ther  harmonic genera tors  i n  t h e  
beacon and these  suggested the  group of curves shown i n  Figure 1 7 .  The 
two poin ts  on the  x2 curve are t h e  labora tory  developed doubler and t h e  
doubling from 1 2 0  t o  240 m c  i n  t h e  360th harmonic genera tor .  The poin t  
on the  x3 curve i s  t h e  t r i p l i n g  from 120 t o  360 mc i n  t h e  360 m c  
harmonic generator w i th  a 3.5 db loss. The poin ts  on the x4 curve are 
t h e  quadrupling from 27 t o  108 mc i n  the  108th harmonic generator w i th  
a 3.45 db lo s s ;  and the  quadrupling i n  t h e  960th harmonic generator  
wi th  a loss of 6.4 db. The poin t  on t h e  x6 curve i s  f o r  t h e  120th 
harmonic generator mult iplying 20 t o  120 m c  w i th  a 5.8 db loss .  The 
curves are drawn wi th  an unnormalized frequency s c a l e  which assumes 
diodes with a cutoff  frequency (where Q=1) of 15Kmc a t  four  v o l t s  bias.  
This va lue  i s  t y p i c a l  of s ta te  of t he  a r t  devices  today. Because some 
of t he  diodes used had s l i g h t l y  d i f f e r e n t  cutoff  f requencies ,  t h e  
poin ts  a r e  propor t iona l ly  o f f s e t  on t h e  frequency scale. Also p l o t t e d  

This 
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by the dashed curve 
cascaded doublers and this curve shows that quadrupling is done more 
efficiently by this method at frequencies below about 460 mc output 
frequency. A similar situation can be shown to exist in the x8 
case. 

is quadrupling by the use of two diodes in 

B. Other Applications for the Thermal Null Filter 

The technique developed for the thermal null filter probably 
has numerous other applications in manned and unmanned satellites or 
even in long term weather measurements by filtering out periodic 
temperature variations. 
It could equally well be panels of low diffusivity material shunted 
with occasional metal rods and surfaced with metal foil. The panels 
could be used to surround living quarters or instrument space. The 
thickness of the panel would be proportional to the square root of the 
material's diffusivity and inversely proportional to the square root of 
the null frequency. Because of the one-half power relation, very slow 
periodic changes could be filtered out with surprisingly thin panels. 

The design need not be a sphere or cylinder. 
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ABSTRACT4 

I f  a f i n i t e  number of s inusoida l  cu r ren t s  r a t h e r  than vol tages  are 

permitted to  e x i s t  i n  a capac i ty  diode parametric device,  t h e  perform- 

ante w i l l  be mare e f f i c i e n t  and more e a s i l y  ca lcu la ted .  A two-current 

-% 

# 

a n a l y s i s  sf frequency doubling (and halving) i s  presented which shows I 

the  r e l a t ionsh ips  between e f f i c i ency  and power and diode cu tof f  frequency. 

Input  and output coupling c i r c u i t s  which approximate the two-current 

a n a l y s i s  are shown. The a n a l y t i c  r e s u l t s  a r e  used t o  p red ic t  the gener- 

a t i o n  of  wat ts  of e f f i c i e n t  microwave power by a l l  s o l i d  state devices.  

F ina l ly ,  the extension of the  f i n i t e  cu r ren t s  method t o  higher harmonics 
9 

and parametric mixers, ampl i f i e r s  and o s c i l l a t o r s  i s  discussed.  
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SECTION I. INTRODUCTION 
.. 

The a n a l y t i c  methods of t h i s  a r t i c l e  are appl icable  to harmonic and 
subharmonic generators ,  parametric mixers, ampl i f i e r s ,  and o s c i l l a t o r s  
which employ the capac i ty  diode. 
c u i t  designer may predic t  the impedance, power l eve l  and e f f i c i ency  of 
these capac i ty  diradt devices ,  and so t h a t  the  diode designer may know 
what c h a r a c t e r i s t i c s  a r e  des i rab le .  Usually when an ana lys i s  i s  at tempted,  
c i r c u i t r y  is asaumed which allows only a f i n i t e  number of s inusc~ ida l  
vo l tages  t o  e x i s t  ac ross  the  diode. 
series which descr ibe the complex cu r ren t  t h a t  flows. I f ,  ina tead ,  c i r -  
c u i t r y  is aesuuwd which allows only a f i n i t e  number of s inuso ida l  c u r r e n t r  
to  flow through the  diode, simple mathematics s u f f i c e  t o  descr ibe the 
performance of t h t  devices.  A t  nutst f requencies  the  only d i s s i p a t i v e  
(and miry)  clcrraent of a capac i ty  diede Le a series re s i s t ance .  Thertfortr ,  
least power i a  leist i f  on ly  these c u r r e n t s  are allowed t o  flaw which are 
necessary t o  the funct ion required of  the die&. 
of beit r f f i cFurcy  and sFatpIest ca l cu la t ions ,  t he  f i n i t e  cur ran to  metaod 
i a  advantagcow, 
i t  i e  f i r a t  nccemary to  d e w l a p  an +quivalsnt  c i r c u i t  f s t  ,a notiel dfade 
(Sect ion 11) and tBen examine the a p p l i c a b i l i t y  af the equivalent c i r c u i t  
t o  a c t u a l  diode types (Section 111). 

An a n a l y s i s  i s  needed so that the c i r -  

Th i s  r e s u l t s  i n  severa l  i n f i n i t e  

Thus, f o r  the reasens 

In cxdtr ta  bmnutratt the a impl ic i ty  a f  the method 

SECTION 11, DERZVATION OF A CAPUITY DIODE EQUIVALENT CIRCUIT 

The capac i ty  s f  a c l a s s i c a l  abrupt diode junc t ion  is p r o p r t i e n a l  t o  
the junc t i en  vol tage t o  the  minus one-half power. 
a l lows a simple equivalent  c i r c u i t  t~ be developed. 
i n  ana ther  s ec t ion  that graded junct ione,  which follow a one-third power 
l a w ,  mag be acllarumed to follow t h i s  one lha l f  power law over a vrltagCe 
range of 1 O O : l  i f  another element is added to  the  equivalent  c i r c u i t  t o  
be developed here .  Therefore,  t h i s  de r iva t ion  may be appl ied t o  a b e t  
any type of capac i ty  d i e& ranging frum an abrupt  t o  a graded junc t ion .  

This r e l a t i a n s h i p  
It w i l l  be shown 

The eb juc t  here  is t o  der ive  the diode vol tage  i n  the form of a sum 
of vol tage  terms which w i l l  each derrcribe a s e r i e s  element i n  an equiva- 
l e n t  c i r c u i t .  An abrupt  junc t ion  i a  assumed here so t h a t :  

where c i s  the  v a r i a t i o n a l  junction capac i ty  a t  the  reverse  junc t i an  
vol tage  E and Cb i 8  the  va r i a t iona l  jwcgion capccity wapured  a t  eome 
convenient voltagt , Eb a far a parfieular- diede , SLnes the breakdown 
vo l t age  of tfi4 dCsde w i l l .  be e i  Cntexerrf later, f t  i r  csnvenbnt; t w  make 
Eb t he  breakdown vol tdge avd Cb the V a r $ a t $ U n ~ ~  d?anot&Qn Wprrcity at  (OF 
near) breakdgwn. The v a r i a t i o n a l  eapaeltancs aQ (1) my be rgclrrmpdt 



and by in t eg ra t ing ,  t he  junc t ion  charge is: 

and by rearranging: 

For the junct ion vol tage ,  E, to always be a reverse  vol tage  i n  the  
presence of a s igna l ,  i t  must conta in  a dc o r  b i a s  component E,. 
r e s u l t s  i n  a steady component of junc t ion  charge -Qo which may be de t e r -  
mined from (3) : 

Thie 

The rc char80 may now bo obtrinrd by rubtrrcting thr rtrrdy componrnt 
from tho total chrrgo: 

and by rubrtitutin&g (5) far 9,: 

(7)  

and subs t i t u t ing  (7) i n t o  (4): 

9 (4) 
E = E, + t 

2 
Cb Jf 4(cb) Eb 

b u t  from (2) the junc t ion  capac i ty  a t  the  b i a s  vol tage  l e :  

(9) 

c 

c 

. 
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Therefore the junc t ion  vol tage  is: 

Usually the junegian reactance i s  small compared ta the parallel j u n c t i m  
back r e s i s t ance  SQ t h a t  the l a t t e r  is neg l ig ib l e .  
the diode may be theught of a8 simply the  r e a c t i v e  junc t ion  in series with 
thtr diado spreading r e s i s t a n c e  r .  
terminale  is: 

I f  t h i s  is the case,  

Then the t o t a l  vo l tage  at the disde 

C '  and this map be represented by the equivalent  c i r c u i t  of Fig.  l-awhere e' 
is the vrrltage generated from the nonlinear component of junc t ion  capac i ty .  
Nate t h a t  far c i r c u i t  design a change in b i a s  vol tage,  E 
the l i n e a r  capaci ty  and not  the e '  generator .  

a f f e c t s  mlp 
0' - 

J 

Figure l -b  ah- graph ica l ly  the half parabola of equation (4). This 
parabola may be broken down i n t o  the sum pf the two dashed vrrltage cmpo- 
nents ;  the slope of the l i n e a r  one corresponds t o  the  cq of the equivalent  
c i r c u i t  and the parabol ic  one corresponds t o  the  e '  generator .  
changed the l i n e a r  (tangent) component of Fig.  I-bchanges and the non- 
l i n e a r  component remains the same parabola but displaced.  

As E, is  

SECTION 111. CORRECTIONS FOR NONABRUPT JUNCTIONS, SHUNT CAPACITY AM) 
BARRIER POTENTIAL 

The v a r i a t i o n a l  capac i ty  vs voltage of a diode junc t ion  m y  be meas- 
ured with a small s igna l  impedance bridge and the s e r i e s  r e s i s t ance  
component, r, may be measured a t  the same time i f  the measuring frequency 
is high amnigh. 
c i r c u i t  which l i m i t s  the breakdown cur ren t  to  nondestruct ive value so 
that breakdown vol tage is not exceeded in the bridge measurements. A 
p l o t  of the capac i ty  ve vol tage ekeuld then be made on log-bg sca l e s .  
The elope of the p lo t t edcurve  will be greatest a t  mid-voltagee and l e s e  
at  h o w  and high va'l€agee, This is due t o  b a r r i e r  p o t e n t i a l  prQVidhg a 
minimum b iag  and therefore  l imi t ing  the  maximum capac i ty ,  and a t  high 
volt9gee the &niwu8a capac i ty  m y  be 1ind.M by tba #$xed rhm? aapac i ty  

The breakdown VQltage should be determined f i r s t  i n  a 
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FIG. I-a. C A P A C I T Y  D IODE E Q U I V A L E N T  C I R C U I T  

A. 

. 
FIG. 1-b. T H E  PARABOLIC RELATIONS OF J U N C T I O N  CHARGE AND V O L T A G E  
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of  the diode mount, e t c .  These e f f e c t s  must be removed f r o m  the  curve so 
that a value of Cb t o  be used i n  the equivalent  c i r c u i t  may be determined. 
This  may be done by adding the ba r r i e r  p o t e n t i a l  t o  each experimental 
po in t  p lo t t ed  and by subt rac t ing  the  shunt capac i ty  from each poin t .  The 
co r rec t ion  voltage w i l l  be a few tenths  of  a v o l t  and the  holder  capac i ty  
may be est imated.  By t r i a l  and e r r a r  the  exact  vo l tage  and capac i ty  
co r rec t ions  should be determined which cause the  cor rec ted  curve t o  have 
a s t r a i g h t  l i n e  negat ive slope of one t o  two decades (minus one-half 
power). If the  diode has  an abrupt junc t ion  i t  w i l l  be poss ib le  t o  choose 
co r rec t ions  which r e s u l t  i n  a corrected curve t h a t  exac t ly  f i t s  t h i s  
s t r a i g h t  l i n e  r e l a t ionsh ip .  I f  the diode has a graded junc t ion ,  i t  may 
be made t o  exac t ly  f i t  a s t r a i g h t  l i n e  with a s lope of minus one- th i rd .  
Hawever, s ince  the  equivalent  c i r c u i t  assumes an abrupt  junc t ion ,  correc-  
t i o n e  should be made which cause the cor rec ted  curve t o  f i t  most c l o s e l y  
a s t r a i g h t  l i n e  with a s lope  of minus one-half .  Figure 2 shows an 
example of t h i s  cor rec t ion .  
v a r i a t i o n a l  capac i ty  vs  vol tage for example graded junc t ion  diode (-1/3 
power). 
0.5 v o l t  and 0.2 mmf the  r e su l t i ng  curve w i l l  be a s t r a i g h t  l i n e  with 
minus one-third slope as shown, Also by t r i a l  and e r r o r  i t  was determined 
t h a t  i f  0.7 v o l t  i s  added t o  and 0.35 mmf subt rac ted  from a l l  po in t s  of  
the o r i g i n a l  curve,  the  r e s u l t i n g  curve f i t s  a s t r a i g h t  l i n e  with the  
des i r ed  slope of minus one-hal l  for two decades of vol tage.  Therefore,  
the  example graded junc t ion  diode may be represented as a minus one-half 
power diode (from 0.4  t o  40 vo l t s )  wi th  a f ixed  shunt capac i ty  of 0.35 
mmf, a b a r r i e r  p o t e n t i a l  of 0.7 v o l t s ,  and a cb of .153 mmf as shown i n  
t h e  f igu re .  Therefore,  the  equivalent c i r c u i t  developed f o r  an  abrupt  
junc t ion  may be used f o r  this graded junc t ion  i f  a shunt capac i ty  of 0.35 
mraf i s  added t o  i t .  Frequently t h i s  shunt capac i ty  i s  small compared to  
the  co of the  equivalent  c i r c u i t  and can be neglected.  I f  i t  i s  not  
n e g l i g i b l e ,  i t  admit tedly causes d i f f i c u l t y  i n  e s t ab l i sh ing  a f i n i t e  
cu r ren t  c i r c u i t ,  bu t  the  f i n i t e  current  approach will s t i l l  provide approx- 
imate performance and c i r c u i t  design da ta .  
i s  not  usua l ly  found i n  p rac t i ce .  
vo l tage  r e l a t e d  by negat ive exponents ranging between 112 and 113. 
t h i s  reason the  intermediate  graphical  s t ep  i n  Figure 2 i s  only of 
academic i n t e r e s t .  
co r rec t ions  which lead t o  a p l o t  most near ly  approximating a minus one- 
h a l f  s lope s t r a i g h t  l i n e  so t h a t  the cor rec ted  c 

b a r r i e r  p o t e n t i a l  is of no consequence i n  the equiva len t  c i r c u i t  s ince  
i t  may be included i n  the  E,, value assumed i n  Sect ion 11. 

The curve wi th  least s lope i s  a p l o t  of 

By t r i a l  and e r r o r  i t  may be determined t h a t  by co r rec t ing  with 

The idea l i zed  abrupt  junc t ion  
P r a c t i c a l  diodes have capac i ty  and 

For 

I n  p rac t i ce  one should t r y  t o  immediately f ind  the  

t o  be used i n  the abrupt  
junc t ion  equivalent  c i r c u i t  may be obtained as  s R own i n  the  f igu re .  The 

SECTION I V .  THE FINITE CURRENTS METHOD 

The equiva len t  c i r c u i t  developed i n  the  preceding sec t ion  d i r e c t l y  
I f  the  suggests  the  f i n i t e  cu r ren t s  method of  opera t ion  and ana lys i s .  

diode i s  ta be used as a parametric device,  cu r ren t  a t  a numbet of 
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f requencies  w i l l  have t o  flow through the diode and a number of vol tages  
w i l l  have t o  e x i s t  across  the diode junct ion.  I f  the c i r c u i t s  connected 
t~ the  diode al low only those vol tages  necessary t o  t h e  required funct ion 
t o  e x i s t  across  the diode, many cur ren ts  w i l l  flow a t  unnecessary harmonic 
and sum and d i f fe rence  frequencies.  These unnecessary cu r ren t s  d i s s i p a t e  
power by flowing through r and 50 cause e x t r a  s igna l  power loss i n  the 
c i r c u i t .  I n  add i t ion  i t  is most d i f f i c u l t  t o  c a l c u l a t e  the ac  cur ren t  or  
charge from. the equivalent  c i r c u i t  from a known diode vol tage.  
suggests  the use of a p a r a l l e l  component equivalent  c i r c u i t ,  but both a 
ncpnlinear reactance and conductance a r e  necessary f o r  t h i s  so that exact  
ca l cu la t ions  a r e  s t i l l  most discouraging. 
connected t o  the diode a l l o w  only those cu r ren t s  necessary t o  the  requi red  
funct ion t o  flow through the  diode, minimum power loss i s  achieved and 
t h e  ca l cu la t ions  are s imple .  The following sec t ion  shows t h i s  s impl i c i ty  
by der iv ing  the frequency doubling e f f i c i ency  from the equivalent  c i r c u i t  
developed and assuming the f i n i t e  cu r ren t s  type of c i r c u i t .  

This 

However, i f  the  c i r c u i t s  

1. Frequency Doubling 

a. Derivation of Eff ic iency and Impedances. For maximum 
e f f i c i e n c y  only those cu r ren t s  necessary t o  doubling should be allowed 
t o  flow tkraugh the  diode (through r). 
connected to  the diode allows Cnly the fundamental and second harmonic 
cu r ren t s  t o  flow. Therefore let: 

Therefore, assume the  c i r c u i t  

dq= i = I, cos w t  + m 
d t  

cos  2 w t ;  
a 

w h e r e  I, is the  peak amplitude of fundamental cur ren t  and m is the  r a t i o  
of peak second harmonic cur ren t  t o  peak fundamental cur ren t  and the  phase 
angle  is assumed. 

Then by in tegra t ing :  

s i n  2wt s i n  u t  +- q =- 
d W  I W 

W 2, 

sa that from the equivalent  c i r c u i t :  

The squaring of the  charge profluces vol tage components a t u ,  2w, %I, and 



4w as w e l l  as dc vol tages .  
put power of the  junc t ion ,  only the  w and 2w vol tage  components are of 
i n t e r e s t  s ince cur ren t  flows only a t  these frequencies .  These vol tages  
from (15) are: 

For the  purpose of  c a l c u l a t i n g  input  and out -  

and the average powers entering and leaving the junction i r  one-half the 
product of each peak current and voltage, 80 from (13) and (16):  

Since the s igns  ind ica t e  fundamental power en te r ing  the  junc t ion  and 
secbmd harmonic power leaving, the phase angle  assumed i n  (13) i s  v a l i d  
f o r  a doubler. The powerscare of course equal  because a reactance can- 
not  d i s s i p a t e  power and r has not  as y e t  been considered. 
handled by the junc t ion  i s  e i t h e r  P '  of ( 1 7 ) .  Therefore,  the  n e t  ou tput  
power from the diode terminals  i s  P ' - (mIJ2r  and the  t o t a l  input  power 
t o  the  diode i s  P '+(1J2r  so the  e f f i c i ency  i s :  

The power 

- .  
P'  

Ins tead  of  operat ing with r i t  i s  convenient t o  def ine  a diode cu tof f  
frequency i n  terms of r .  
small s igna l  reactance a t  breakdown vol tage  i s  equal  t o  r .  
t h i s  cu tof f  frequency is: 

Let t h i s  be the  frequency a t  which the  diode 
Therefore ,  

and s u b s t i t u t i n g  (19) i n t o  (18): 
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( d w )  * 
1 -  

P'%cb 
7 '  

and transfarming (17):  

and s u b s t i t u t i n g  (21) i n t o  (20): 

4 / 3  xw 113 
256(Eb)2ucb 

Wb ; where K = [ p, ] 
1 - (4 

w 213 9 =  
K- 

I+(;) q, 

S l u t i o n s  to equation (22) are  p l a t t e d  i n  Figure 3. By examining 
equat ion (22) and Figure 3 i t  may be seen t h a t  e f f i c i e n c y  inc reases  as 
P' i nc reases .  This t rend  i s  limited by avalanche breakdown o f  t he  diode 
a5 a value of P' which cause8 the diode peak vo l t age  t o  exceed Eb and 
t h e  diode peak charge t o  exceed Q = 2CbEb from equat ion (3). There- , 

because d i s s i p a t i v e  breakdown and forward conductance bracket the maximum 
and minimum va lues  of charge possible without  excess ive  power loss (Fig. 
lab). Therefare,  the maximum peak amplitude of  a c  junc t ion  charge i s :  

fore, t h e  maximum peak t o  peak va P ue the ac  charge may o b t a i n  i s  2cbEb 

Also t he  peak va lues  of q m y  be w r i t t e n  from equat ion (14) as: 

4 = F 5 4 where F i s  the r a t i o  of peak a c  w 
charge t o  peak fundamental charge e 

and is p l o t t e d  i n  Fig.  4 as derived 
from e q .  (14).  

CrPmbinFng (23) and (24): 

9 
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16F 
(m) 113 

and cmbining  (26) and ( 2 2 ) ~  KImin = - so then from (22): 

W 1 - 16mF- 
- Wb 

P'=max 16F w 3 -  l + T %  

S@lutitrna te equat ion (27) a r e  p l o t t e d  i n  Figure 5 .  This f i g u r e  
s h m  the diode maximum e f f i c i e n c y  which occurs  a t  the  h ighes t  power 
Level a l lawed by Ebo 
h a r m i c  to  fundamental diode cu r ren t  and the  ra t io  of input  frequency 
t o  d isde  cutoff  frequency. 
maximum pmer ,  Figure 3 should be consul ted t o  determine the e f f i c i e n c y ,  
bu t  Figure 5 always limits the maximum e f f i c i e n c y  of the  diode s ince  P' 
of Figure 3 is l i m i t e d  by equat ion (26). 

The e f f i c i e n c y  is i n  terms of  the r a t i o  of second 

I f  the diode is operated a t  less than i t s  

The equivalent  r e s i s t a n c e  encountered by I, wi th in  the  nonl inear  
reac tance  may be determined from (13), (16) and (21) t u  be: 

and l i k e  an  i d e a l  impedance transformer: 

In order  to obtain the actual r e s i s t a n c e s  t o  be matched by c i r c u i t s  
e x t e r n a l  t o  the diode, the r e s i s t a n c e  r = l/%cb muat be taken i n t o  
account;  ab the  matched d r iv ing  generator  r e s i s t a n c e  is: 

12 
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and the matched load r e s i s t a n c e  i s :  

I Thir  rimply marni t h a t  t h r  r r q u i r r d  d iodr  murt br r b l r  t o  r t o r r  a t  h a r t  

I t  i s  wel l  to  note t h a t  the matched values  of 
t h a t  a constant amplitude s i g n a l  i s  prefer red .  However, the  s igna l  
frequency may vary a g rea t  dea l  s ince  the  reac tances  and r e s i s t a n c e s  en- 
countered i n  the  device allw grea t  s i g n a l  band widths.  

and RL vary with P' so 

I f  the  objec t  of  the  de r iva t ion  had been t o  determine frequency 
halving e f f i c i ency ,  the  form would have been nea r ly  the  same and the  
halving r e s u l t s  would be the  same as Figures  3, 4 ,  and 5 except t h a t  the  
stwaning csf m i n  these  f i g u r e s  would have been 1,/12w. 

The preceding de r iva t ion  o f  e f f i c i ency  and impedances may be employed 
to  de!eroline the  diode required f o r  a p a r t i c u l a r  doubler as shown i n  the 
fol lawing example: 

Let the  t a rge t  performance of the  example doubler be: 

fin 100 mc; fou t  - 200 mc 

P' - 0.1 wrtt 

Q - 0 . 9  (80 m 087 from Fig.  3 and F m 1,17 from Fig.  4) 

RL - 5080 ohmr 

% - (m)2 RL F 24*5 o h m  

It i s  convenient t o  detrrminr  f i r s t  the d iodr  which w i l l  b r r r l y  
handle the powrr and than add a s r f r t y  f a c t o r  t o  p r r v r n t  t h r  p o r r i b i l i t y  
of  diode brrrkdown. From rqur t ion  (3) t h r  c h r r g r  r t o r r d  i n  t h r  j unc t ion  
a t  O r  nOAr brrrkdown 1 8  Q 2CbEb8 Thr rn r rgy  r t o r r d  i 8  Q E /2 Cb(Eb)2  
j O U h 8 ,  BY r r r r r m g i n g  ( s 6) t h i r  rn r rgy  r t o r r d  m y  b r  r tr trb a11 



th i s  energy j u s t  before breakdown occurs. 
and Cb which w i l l  s a t i s f y  this requirement but t he  p a r t i c u l a r  set is 
determined by the Rt chosen. 
q u i t e  amall compared to RL, so from (31):  

There a r e  i n f i n i t e  sets of Eb 

At this high e f f i c i e n c y  r = l /%cb must be 

r P' 

and s u b s t i t u t i n g  (26) f o r  P' and rearranging: 

t 327 o b s  reactance a t  breakdown a t  100 mc 

From t h i s  Cb may be determined t o  be 4.87 mmf and from (32) Eb must be 
34.6 v o l t s .  
f / f  
mc ?the highes t  f b  cu r ren t ly  reported is 150 K mc). 

For the required e f f ic iency ,  Figure 5 shows that w/% o r  
must be no more than about .OQ27, so with 5100 rucj f b  = 100s 37 K 

,0027 

To sum up the required diode c h a r a c t e r i s t i c s :  

1 
f b  3 7- F 37 K mc a t  34.6 volts reverse  

, rnrLcJ34.6 v o l t s  

E,, 5 34.6 v o l t s  breakdown 

6 4-87 mf 
c134., v o l t s  

b. Input and Output Coupling C i r c u i t s .  The main requirement of 
these  coupling c i r c u i t s  i s  t h a t  they not a l low the  3w and 4w vol tages  
a c r o s s  the  diode, ind ica ted  i n  equation (15) ,  t o  cause a cur ren t  t o  flow 
at them f requencies .  
canngt d i s s i p a t e  any power. 
r would d i s s i p a t e  unnecessary power and thus would lower the doubling 
e f f i c i ency .  The c i r c u i t  shown i n  Figure 6 prevents the  flow of these 
c u r r e n t s  i f  the  LC r a t i o s  a r e  large.  
this means a series re s i s t ance  from the  c o i l s  which is probably la rge  
cmpared  tm the diode r. 
e f f i c i e n c y  toe much, i t  is then necessary to place a capacfty ac ross  the  
d r i v e r  and an inductance ac ross  the  load t o  prevent p a r t  of i, from flow- 
ing threugh RL and pa r t  crf i z w  from flowing through %. 
necessary t o  c a l c u l a t e  new values af % snd Bt becauee of the  impedance 

15 

The exis tance of these vol tages  ac ross  the  junc t ion  
Rowever, cur ren t  a t  these frequencies throu@ 

However, with p r a c t i c a l  inductances 

I f  LC ratios a r e  chosen which do not  spoil 

It is then 
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transformation caused by these shunt reactances.  Such a c i r c u i t  has 
been t r i e d  a t  50 mc and an  e f f i c i ency  of 78% r e s u l t e d  in s t ead  of the 
ca lcu la ted  85% doubling e f f ic iency .  The e x t r a  power loss w a s  i n  the 
above described coupling c i r c u i t .  Another coupling c i r c u i t  w a s  devel-  
oped which should reduce the coupling losses. 
This c i r c u i t  places an inductance i n  series with the  diode which cancels  
wt t h e  linear capac i ty  component of the  diode a t  1.4w, the geametric 
mean of w and 2w. Then the  diode leg of the  c i r c u i t  Looks capac i t i ve  
at w and induct ive a t  2w. 
t a i n s  a reactance pole t u  i 2 w  and looks induct ive t o  i,. The series leg 
to  the load contains  a reactance pole  t o  i, and look6 capac i t ive  t o  izw. 
The three  LC r a t i o s  are chosen so t h a t  iw and i 2 w  each flow i n  resistive 
lcnrps and are prevented from flowing i n  the  o the r  loop by the  reactance 
poles. 
ance a t  3w and 4w t o  discourage diode cur ren t  flow a t  these frequencies.  

It i s  shown i n  Figure 7. 

The s e r i e s  leg to t h e  dr iv ing  generatar  con- 

The inductance L i n  s e r i e s  with the diode presents  a large r eac t -  

S t i l l  another possible  arrangement i s  shown i n  Figure 8. The cou- 
p l ing  c i r c u i t s  are shown a s  coaxial  l i n e s  but could be p a r a l l e l  l i n e s ,  
p r in t ed  s t r i p  l j n e s ,  etc.  
method is mandatory f o r  good coupling e f f i c i ency .  
The shorted s tub  at t e e A  places  an open a t  the top of t ee  A fo r  w and 
a s h o r t  f o r  2w.  
2w power from leaving t h e  system through t ee  A. 

This allma 
2w power to  leave the  system and prevents w power from leaving the system 
through tee C. The shorted s tub  a t  tee B i s  a quar te r  wave length lung 
at 3 . 5 ~  so that at 3w and 4w i t  places a l a rge  reactance i n  series with 
the diode t o  discourage the  flow of cur ren t  a t  these frequencies .  

For u l t rah igh  frequencies  t h i s  coupling 
It operates  a8 follows: 

This allows w power t o  en te r  the  system and prevents 
The open s tub  a t  tee C 

c places  an open a t  the  top of tee C f o r  2w and a short fo r  w. 

c 

A t  frequency 2w a shor t  e x i s t s  a t  tee A and s ince  length A-B is a 
quarter wave length f o r  2u,an open appears i n  t he  l e f t  e x i t  of t e e  B fmr 
2w. The r i g h t  e x i t  of t ee  B leads d i r e c t l y  t o  a matched 2w load. This 
load therefore  sees  the  diode simply i n  s e r i e s  with the inductance of the 
series s tub .  
reactance of  the  diode a t  2w by choosing the  proper Zo f o r  the s tub .  
frequency w a short exists a t  tee C so t h a t  a t  the  r i g h t  e x i t  of tee B 
&ere spprarra an l ~ i d t ~ f i v ~  reaefrnce equal f a  gha characteristic impsd- 

dirret ly  to a mateked cd ~ ~ n t ~ r c i f ~ ~ ,  T h i s  g ~ f t e r a t e ~  fhetr~fers @ e m  the 
diode rrrctrnce i n  o s ~ i e o  with a o f ~ ~ 1 1  induefive roaetanee o f  the eentral 
atub and thaso I n  parallal with tho indwtanco juot  daocribad, Thrra 
thror rractrncrr m y  bo mado to  cancel and tranoiorm the input rsalrtancr 
o f  the diode to nutch thr llna, 

that no conrtant voltage birr oupply ir rrquirrd, 
tho minimum chargr to be approximately zeroe 

This inductance may be made t o  cancel  the capac i t ive  
A t  

8nCa OF th8 qUrtXrmW&V@ BSet$eft BsC, The l e f t  e x i t  @f t @ e  b lead$ 

c ,  B h 8  C~nridrrationr~ Self-bias h . 8  the obvioua advantrgr 
I t  incidrntrlly cauara 

It hrr the dirrdvantrgr 
>\ 
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t h a t  adjustment of the  c i r c u i t  i s  d i f f i c u l t  because as resonance i s  
approached the  s e l f - b i a s  w i l l  increase ,  changing the  diode reactance,  
and, t he re fo re ,  changing the t a rge t  resonant po in t  of the component 
being adjus ted .  
in p r a c t i c a l l y  no doubling i f  an  adjustment i s  s l i g h t l y  i n  e r r o r .  
poses a strong argument f o r  f ixed  b i a s .  Also f ixed  b i a s  i s  necessary 
i f  the dr iv ing  amplitude v a r i e s ,  otherwise the  c i r c u i t  resonances will 
be  s h i f t e d  by s e l f - b i a s  va r i a t ions  so that the  amplitude changes are 
compounded i n  some nonlinear  manner. 

This e f f e c t  causes c r i t i c a l  adjustments that may r e s u l t  
This 

d.  Proiected Capab i l i t i e s .  The upper curve of Figure 9 i s  a 
p l o t  of  the optimum e f f i c i e n c i e s  of Figure 5 v s  the  ratio of  fundamental 
frequency t0 diode cu tof f  frequency. 
quencies g r e a t e r  than 100 K mc a r e  now being made. I f  t h i s  value is 
assuxned, it means that doubling e f f i c i e n c i e s  of 96% f o r  100 - 200 mc 
and 6811 f o r  1,000 - 2,000 mc a r e  forthcoming. 
develrarped by accumulating both the e f f i c i e n c i e s  of  the  s o l i d  curve a t  
oc taves  and coupling losses  and thus ind ica t e  w h a t  may be expected when 
daublers  are cascaded from a frequency of f / f b  = ,001. This  euggeete 
the future p a s s i b i l i t y  of  developing say 10 watts of power a t  100 mc 
f r e m a  t r a n a f s t o r ,  applying t h i s  to cascaded optimum doublers  w i t h  100 K 
mc cu to f f  frequency diodes and 90% coupling e f f i c i e n c y  f o r  each, and 
de r iv ing  an output  0f 3.6 wattL at 800 mc, 1.8 watts at 1,600 ntc, etc. 

Capacity diodes wi th  cu to f f  f r e -  

The two lower curves were 

2. Higher Harmonics 

For generat ion of harmonics higher  than second wi th in  a s i n g l e  
capac i ty  diode i t  i s  found necessary t o  a l low more than two s inusoida l  
c u r r e n t s  t o  flow. With t h i s  added complexity, i t  is convenient t o  set 
up a t a b l e  of the  cur ren t  components, charge components, and pe r t inen t  
vo l t age  components assuming the  model diode of equation (2 ) .  Following 
i8 such a t a b l e  f o r  frequency t r i p l i n g  where (Cl) means cos l w t  and ... 
are terms which do not  involve power. 

€9 
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Frequency x 3: 

4 

q C 1 )  -- 1112 (C3) 
I 1  

2 2 

- (C2) ... (C4) 
3 . . .  (C4) 

1213 (Cl) ... (C5) 
6 

... (C6) 

From t h i s  t a b l e  t h e  average powers en te r ing  and leaving the  diode may be 
e a s i l y  wr i t t en :  

p;w 

2 6 3 2 2 

The assumed c u r r e n t s  have provided the  des i r ed  func t ion  (Pi 
and P' is negat ive) .  P i w  should be made zero so that all Yundamental 
power9s  converted t u  t h  r d  harmonic power. This occurs  when 13=311/2,  
so l e t :  

is p o s i t i v e  

i = I(C1) + mI(C2) + 31/2(C3); so t h a t  Piw = 0 and e iw = 0 

Then P' = P' = P ' ;  the  power handled wi th in  the  diode: 
lw 3w 

3m( I) 



r 1 

In a manner similar t o  the doubling example, e f f i c i e n c y  and input  
and output  impedances may be descr ibed i n  terms of  power level,  diode 
cu tof f  frequency and cb and Eb cons tan ts .  
shorthand t ab le  no ta t ion ,  the following t a b l e s  of  i n t e r e s t  were found 
and s t i l l  o the r s  may be determined by t r i a l  and e r r o r :  

By experimenting wi th  the  

Frequency x 4 :  
i . q  

I ( C 1 )  I (Sl) w 

I 
2I(C2) - (S2) w 

Frequency x 8 :  

i 

2I(C2) 

21(C4) 

81 (C8) 

22 

2. (91) 
W 

I - (82) w 

I 
2w - (84) 

I - (C8) w 

(C2) 2 

(C4) 2 

(1)2(C1) .. , 
... ... 

... 

(1) - (C4) . * *  
2 

, * .  

* * I  I I *  

# * I  * * I  

. 

1 

+ 
t 



3. Parametric Mixers, Amplifiers and O s c i l l a t o r s  

- *  

Let  us consider  the following table: 

- IwI(n-I)u cos nwt ... 
n - 1  

sin(n-1)wt . . , +- cos(n-1) w t  . IwInw 
n 

I c ~ s  (n - 1) w t  
(n-l)w 

The number n may have any va .ae  except these:  n = -2; -1; -1/2; 0 ;  
1/3; 1/2; 1; 2; 3 so t h a t  the  omitted vol tage  terms i n  the  t a b l e  do 
n o t  coincide with any of  the  three cu r ren t  f requencies  to  produce 
power. From t h i s  t a b l e  the  average powers en te r ing  and leaving the  
diode e '  generator  may be wr i t ten :  

- 
8 (n2-n) (WCb)2 Eb 

The power a t  each frequency i s  inden t i f i ed  by the nota t ion  j u s t  above 
each term. 
is propor t iona l  t o  t h a t  frequency, 
g r e a t e r  than one, power is absorbed a t  w and (n-1)w and the  sum of 
these  powers is emit ted a t  the sum frequency nu. 
comes from a l o c a l  o s c i l l a t o r  and t h e  w power is a s i g n a l ,  then the  
device is an up (frequency) converter  w i th  a s i g n a l  output  frequency 
of nw and has  a s igna l  conversion power ga in  of n ,  t he  frequency 
change r a t i o .  If n i s  pos i t i ve  and less than one the  same ne t  r e s u l t  
occurs  because when n = 0 .2  ins tead  n = 5 ( r ec ip roca l )  the  same opera- 
t i o n  r e s u l t s  except t h a t  the frequencies are then normalized wi th  
r e s p e c t  t o  t h e  h ighes t  r a t h e r  than the  lowest. 

One may quickly not ice  t h a t  t he  power a t  each frequency 
Therefore ,  i f  n is pos i t i ve  and 

I f  the  (n-1)w power 

This amplifying up 
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conver te r  is charac te r ized  by low noise  (because i t  i s  r eac t ive )  and 
stable gain.  

. 

I f  i n  the preceding t a b l e  I, i s  changed t o  -I, and t h i s  s ign  change 

Th i s  may be seen most r e a d i l y  i n  the  above summation 
i s  c a r r i e d  through, the powers en ter ing  and leaving the diode are 
reversed i n  s ign .  
of powers by s u b s t i t u t i n g  -I, f o r  I,. 
the  impedances of the  e '  generator  a t  each frequency by tak ing  the r a t i o  
af each  voltage t o  cur ren t  from the t ab le  with the s ign  change: 

I t  i s  then i n t e r e s t i n g  t o  write 

I(n-l)w Inw 1 
2 

R,= - 
I,(n2-n) 4(wcb) Eb 

This  shows that power may be absorbed a t  the  nu frequency and emit ted 
a t  the  o ther  two frequencies .  
v i s u a l i z e  the s i t u a t i o n .  

The c i r c u i t  of Figure 10 w i l l  he lp  

The reactance poles  and zeros  spec i f i ed  i n  Figure 10 cause the 
cu r ren t  and r e s i s t a n c e  a t  each frequency terminal  p a i r  t o  equal  the  
cu r ren t  and r e s i s t a n c e  of the  e '  generator  a t  that frequency. 
cause f i n i t e  cu r ren t s  opera t ion  ( th ree  cu r ren t s  i n  t h i s  caee) a d d i t i o n a l  
reac tances  a r e  probably necessary t o  prevent o the r  c u r r e n t s  from flow- 
ing  through the  diode but  these  w i l l  be omit ted here  f o r  s impl i c i ty .  
L e t  us examine the two negat ive r e s i s t a n c e s  by wr i t i ng  t h e i r  product: 

To 

o r  

This shows t h a t  the mean negat ive r e s i s t a n c e  i e  a conetant  determined t 
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by the Inw (pump) cu r ren t ,  the  r a t i o  of f requencies  n ,  the  lowest 
frequency w ,  and the  diode cons tan ts .  Externa l  p o s i t i v e  r e s i s t a n c e s  
w i l l  be connected to  each p a i r  of negat ive r e s i s t a n c e  te rmina ls .  If 
then the  n e t  r e s i s t a n c e  i n  the  w and (n-1)w loops i s  z e r o ,  the  diode 
w i l l  o s c i l l a t e  a t  w and (n-1)w and der ive  the  power t o  o s c i l l a t e  from 
the  w pump. 
cons tan t  product w r i t t e n  above f o r  R, and R(n-l),.  I f  the  product of 
the  e x t e r n a l  r e s i s t ances  i s  g r e a t e r ,  o s c i l l a t i o n  w i l l  not  occur s ince  
then there  is not  enough negat ive r e s i s t a n c e  generated t o  cancel  the  
p o s i t i v e  r e s i s t ance  i n  the  c i r c u i t .  Under these  circumstances the  
c i r c u i t  may be used as  an amplifying up conver te r ,  an amplifying down 
conver te r ,  or as a nonfrequency converting ampl i f i e r  a t  e i t h e r  w o r  
(n-1)w. 
v e r t i n g  up, as  happened i n  the  sum frequency up conver te r ,  bu t  a l l  of 
t hese  arrangements amplify because o f  the nega t ive  r e s i s t a n c e s  generated.  
For t h i s  reason it is poss ib le  f o r  a l l  of these  to provide up t o  i n f i n i t e  
gain ( o s c i l l a t i o n ) .  I f  the balance between negat ive and p o s i t i v e  resist- 
ance is made c r i t i c a l ,  f o r  high ga in  the c i r c u i t  i s  l i k e l y  t o  break 
i n t o  o s c i l l a t i o n  i f  small changes occur i n  pump cu r ren t  o r  i n  e i t h e r  of 
the external c i r c u i t s  connected to  the w o r  (n-1)w terminals .  These 
nega t ive  r e s i a t ance  app l i ca t ions  a r e  charac te r ized  by low noise  because 
they are reac t ive ;  and by high s e l e c t i v i t y ,  high ga in ,  and poor ga in  
s t a b i l i t y  because of the nega t ive  r e s i s t a n c e .  
regenera t ive  techniques could be appl ied  t o  advantage i n  such devices .  
Also, the  devices should should make good low noise  o s c i l l a t o r s .  

This w i l l  occur when the ex te rna l  r e s i s t a n c e s  have the  

I n  the f i rs t  case ,  a port ion of the  ga in  i s  obtained from con- 

It would seem t h a t  super- 

4.  Subharmonic Generation 

If a capac i ty  diode i s  operated as  an  o s c i l l a t o r  as descr ibed 
above and n i s  chosen t o  be an  i n t e g e r ,  the  w o s c i l l a t i o n s  w i l l  syn- 
chronize w i t h  the  nw pump s i g n a l  so t h a t  w i s  a subharntonic of t he  nw 
inpu t .  Thus, capac i ty  diodes as frequency d iv ide r s  are i n  r e a l i t y  
o s c i l l a t i n g  parametric mixers with th ree  f requencies  of cu r ren t  neces- 
s a ry  t o  the operation. One apparent  exception t o  t h i s  is  the frequency 
ha lver  which r equ i r e s  cu r ren t  a t  only w and 2 w ,  but  t h i s  happens only 
because two of the th ree  frequencies  requi red  happen t o  coincide i n  
t h i s  s p e c i a l  case.  

' I  m l  
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